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THE TESTA OF SOME BRASSICA SEEDS OF 
ORIENTAL ORIGIN 


J. G. VAUGHAN 
Chelsea College of Science and Technology, London S.W. 3 


The following seed samples of Oriental 
origin were obtained for investigating the 
testa of the mustards and rapes of com- 
mercial importance. 

CHINESE RAPE OR COLzA — A number 
of samples of this seed, imported into 
Europe for the purpose of oil-extraction, 
were obtained from various commercial 
sources. The samples contained yellow 
and vinaceous seeds in varying propor- 
tions. Plants grown from both types of 
seed corresponded to Brassica campestris 
chinoleifera Viehoever ( Viehoever, Claven- 
ger & Ewing, 1920). 

“ CuI-HsING-CHIEN ” RAPE — A sample 
of seed, yellow in colour, of this plant was 
obtained from the Chinese Academy of 
Agricultural Sciences in Peking and its 
botanical name was given as Brassica 
chinensis. Plants grown from this seed 
again corresponded to Brassica campestris 
chinoleifera. 

““SHENG-L1” RAPE — This seed was also 
obtained from Peking but was black in 
colour. It was described by its sender as 
Brassica rapa oleifera D.C. or Brassica 
napella. Plants were grown from the 
seed and the Chinese identification was 
confirmed by the Kew Herbarium and 
the British Muscum. This plant would 
be referred to in Europe as Turnip 
rape. 
All the plants so far described are culti- 
vated for their oil, but seed samples have 
also been obtained of Oriental Brassica 
plants cultivated as vegetables. 

MUSTARD-SPINACH OR TENDERGREEN — 
Seeds of this plant (Brassica perviridis 
Bailey) were obtained from the L.H. 
Bailey Hortorium, Cornell University. 

CHINESE CABBAGE, CELERY CABBAGE OR 
Prrsal — This plant is Brassica pekinensis 
(Lour.) Rupr. Seed samples were ob- 
tained from the L.H. Bailey Hortorium 
and commercial sources in England. 


PAKCHOI OR WHITE CELERY MUSTARD— 
Seeds of this plant ( Brassica chinensis L.) 
were obtained from the L.H. Bailey 
Hortorium, the Montreal Botanical Garden 
and commercial sources in England. 

The testa structure of Brassica cam- 
pestris chinoleifera has been described and 
illustrated by Viehoever, Clavenger & 
Ewing (1920), while McCugan ( 1948 ) has 
described but not illustrated the seed coat 
structure of some of the other species of 
this investigation. 

The methods of sectioning and staining 
have been described by Vaughan ( 1956 ). 


Observations 


BRASSICA CAMPESTRIS CHINOLEIFERA — 


Fig. 1 is a transection of the testa 
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Fics. 1-6 — (al, aleurone layer; ep/sep, disor- 
ganized epidermis and sub-epidermis; pal, pali- 
sade layer; pil, pigment layer). Fig. 1. T.s. 
testa of yellow-seeded Brassica campestris chin- 
oleifera. Fig. 2. T.s. testa of dark-seeded Bras- 
sica campestris chinoleifera. Fig. 3. T.s. testa 
of Brassica rapa oleifera. Fig. 4. T.s. testa of 
Brassica pekinensis. Fig. 5. T.s. testa of Brassica 
chinensis. Fig. 6. T.s. testa of Brassica per- 
viridis. All figs. x 250, 
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of the yellow-seeded type of Brassica 
campestris chinoleifera. The basic or- 
ganization is typically that of a rape 
(Winton & Winton, 1932). Palisade, 
pigment and aleurone layers are present 
but the epidermis and sub-epidermis are 
disorganized. 

Most types of rape seed have a dark 
pigment in the palisade and pigment layers 
but, in the Chinese variety under con- 
sideration, these layers are without any 
apparent colour. The only other yellow 
rape seed is Sarson ( Brassica campestris L. 
var. sarson Prain ). 

Characters of the palisade layer, as seen 
in transverse section, enable one to dis- 
tinguish between the two yellow-seeded 
forms. In the Chinese rape seed, the 
walls of the palisade cells tend to swell at 
the base giving them a roughly conical 
appearance while, in Sarson, the walls are 
quite regular in thickness, even constrict- 
ing at the base (Gassner, 1955). The 


average height of the palisade cells in the” 


Chinese seed is 20 u with occasional cells 
reaching 23 u. These observations con- 
firm the work of Viehoever, Clavenger & 
Ewing (1920). 

Fig. 2 is a transverse section of the testa 
of the dark-seeded type of Brassica cam- 
pestris chinoleifera. The pigment is 
located mainly in the walls of the palisade 
cells. The pigment layer itself has com- 
paratively little colouring matter and that 
present shows rather an unequal distri- 
bution giving some pigment bodies 
(McCugan, 1948 ). 

Apart from the pigment, the seed coats 
of the two types of Brassica campestris 
chinoleifera have essentially the same 
structure. The epidermis and sub-epi- 
dermis are disorganized while inequalities 
in height of the palisade cells give a distinct 
reticulation in surface view. The critical 
feature of similarity seems to be the shape 
of the walls of the palisade cells. In both 
types, in transverse sections, these walls 
increase in thickness towards the base 
giving a roughly conical appearance. 
However, in the dark-seeded type, the 
height of the palisade cells varies between 
Stand 37 «4: 

BRASSICA RAPA OLEIFERA — Fig. 3 is a 
transection of the testa of the Chinese 
Brassica rapa oleifera. As in the two 


PHY TOMORPHOLOGY 


[ July 


previous types, the epidermis and sub- 
epidermis are disorganized but the pali- 
sade layer presents some rather different 
features of structure. These cells are 
taller than the palisade cells of the two 
types already described with a range of 
32-40 u. Also, the thickening of the walls 
of the palisade cells is quite even which 
contrasts strongly with ‘the condition 
existing in Brassica campestris chinoleifera. 
The shape of the palisade cells might well 
be used as a distinguishing feature between 
Brassica campestris chinoleifera and the 
Chinese Brassica rapa oleifera. 

Pigment is to be found in the walls of 
the palisade layer and in the lumen of the 
pigment layer. More colouring matter is 
to be found in the pigment layer of this 
species than in Brassica campestris chin- 
oleifera. 

BRASSICA PEKINENSIS — Fig. 4 is a 
transverse section of the testa of Brassica 
pekinensis. Again, the epidermis and sub- 
epidermis are lacking and, of the seed 
types so far considered, the shape of the 
walls of the palisade cells resembles most 
closely that of Brassica campestris chinolei- 
fera. In transverse section, the height of 
these cells varies between 23 and 27 u 
and the shape of their walls is roughly 
conical. Inequalities in height of these cells 
give slight reticulations in surface view. 

Pigment is distributed quite evenly in 
the walls of the palisade cells but the 
distribution of colouring matter is not 
continuous in the lumen of the pigment 
layer, resulting in pigment bodies. 

BRASSICA CHINENSIS — Fig. 5 is a tran- 
section of the testa of Brassica chinensis. 
The structure is essentially the same as 
that of Brassica pekinensis. 

BRASSICA PERVIRIDIS — Fig. 6 is a 
transverse section of the testa of Brassica 
perviridis. The structure here is again of 
the Brassica campestris chinoleifera type 
with epidermis and sub-epidermis lacking 
and with the walls of the palisade cells in- 
creasing in thickness towards the base 
but the height of these cells is somewhat 
less, varying between 20 and 27 u. 


Conclusions and Discussion 


The study of testa structure is important 
for species identification in commercial 
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seed samples and oil-cakes. Of the types 
described in the present paper, rape seed 
figures most prominently in commercial 
samples of Oriental origin. Identification 
of the yellow-seeded Brassica campestris 
chinoleifera presents no problems. Cruci- 
ferous plants grown for oil and with 
yellow seeds are comparatively few in 
number but do include such important 
types as Sinapsis alba L., Eruca sativa 
Lam., Brassica campestris L. var. sarson 
Prain and various forms of Brassica juncea 
Coss. and Czern. The testa structure of 
Sinapsis alba and Eruca sativa is quite 
characteristic (Winton & Winton, 1932- 
1939) and cannot be confused with that 
of the Chinese species under consideration. 
An account has already been given of dif- 
ferences between the seed coat of Brassica 
campestris L. var. sarson and that of 
Brassica campestris chinoleifera. Sections 
have been cut of yellow Brassica juncea 
seeds and the structure corresponds 
closely, apart from the absence of pigment, 
with that of Brassica besseriana Andrz. 
(Winton, 1939). The presence of an 
epidermis and the shape of the palisade 
cells are two points that suffice to dis- 
tinguish the two species. 

The testa structure of both the dark- 
seeded Brassica campestris chinoleifera and 
the Chinese Brassica rapa oleifera is essen- 
tially that of the rapes (McCugan, 1948; 
Winton & Winton, 1932). Some points of 
difference between the two types have 
already been stated, the important ones 
being the size and shape of the palisade 
cells. 

In addition to its use for species identi- 
fication in commercial plant materials, 
testa structure might also be of value in 
general taxonomy. The position regard- 
ing the Oriental rapes and mustards is 
somewhat complex. 

Bailey ( 1922, 1930) has been foremost 
in work of this kind, describing a large 
number of Japanese and Chinese Brassica 
plants. Of the types covered by this 
investigation, Bailey has described fully 
3rassica perviridis, Brassica pekinensis and 
Brassica chinensis; plants which have been 
adopted by horticulturists in certain 
European and American countries. The 
only reference that Bailey makes to 
Brassica campestris chinoletfera is to state 
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that it does not correspond to Brassica 
campestris L. Bailey does not elaborate 
on the Oriental Brassica rapa oleifera 
types. 

Burkill (1930) has considered Brassica 
pekinensis and Brassica chinensis as 
varieties of Brassica campestris L. sub. 
sp. chinensis L. Viehoever, Clavenger & 
Ewing (1920) are of the opinion that 
campestris chinoleifera, Pakchoi and Petsai 
fall within the latitude of the same species. 
Musil (1948) discusses the taxonomic 
position of the Oriental mustards from the 
point of view of chromosome numbers and 
shows their close relationship to Brassica 
campestris. In the same paper is stated, 
from genetical work, the opinion of 
Sinskaia that Brassica pekinensis and 
Brassica chinensis are not varieties of 
Brassica campestris. 

Sun (1946) has investigated a large 
number of Chinese Brassica types and 
has suggested dividing the ten ( haploid ) 
chromosome group into the Oriental 
Brassica chinensis race and the Western 
Brassica campestris race. Sun’s Brassica 
chinensis would include Bailey’s Brassica 
chinensis and Brassica pekinensis and his 
Brassica campestris would include the 
turnip and turnip-rapes. 

Although the position regarding the 
Oriental Brassica group is obviously very 
complex, the general opinion seems to be 
that Brassica campestris chinoleifera, Pak- 
choi and Petsai are very closely related; 
probably of the same specific rank. This 
relationship is borne out by the testa 
structure. Apart from a lack of pigment 
in the yellow-seeded Brassica campestris 
chinoleifera, the structure of the seed coat 
of the three types is essentially the same 
and the present investigation has revealed 
no means of distinguishing between them 
on anatomical features. A difference in 
seed size, however, has been stated by 
Musil ( 1948 ). 

Apart from a slight difference in the 
height of the palisade cells, the testa 
structure of Brassica perviridis is identical 
with the Brassica campestris chinoleifera 
type. Bailey ( 1930) has pointed out the 
difficulties in placing Brassica perviridis 
but Musil ( 1948 ) has linked it with Bras- 
sica pekinensis and Brassica chinensis on 
chromosome numbers, The similarity of 
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testa structure certainly supports this 
relationship. 

Of the seed coats investigated, the 
structure of that of the Chinese “ Sheng- 
Li” rape differs from the usual pattern. 
The differences in size and shape of :the 
walls of the palisade cells have already 
been described and they afford a ready 
means of distinguishing the testa from the 
others described in this investigation. As 
already stated, plants grown from the seed 
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have been found to correspond closely 
with the European turnip rape and the 
structure of the testa certainly suggests 
a different taxonomic relationship when 
compared with the other Brassica species 
described in this paper. In this con- 
nexion, it is interesting to note that Sun 
(1946) described an Oriental Brassica 
napella and linked it, on the basis of 
the chromosome number, with Brassica 
napus L. 
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KARYOKINESIS IN THE NON-ARTICULATED 
LATICIFERS OF NERIUM OLEANDER L. 


P. G. MAHLBERG 
Department of Biological Sciences, University of Pittsburgh, Pittsburgh, Pennsylvania, U.S.A. 


The non-articulated laticifers of the 
Apocynaceae, Euphorbiaceae, Urticaceae 
and several other dicotyledonous families 
were reported in several classical investi- 
gations to contain a multinucleated pro- 
toplast ( Buscalioni, 1898; Haberlandt, 
1883; Molisch, 1901; Nemec, 1910; 
Smolak, 1904; Treub, 1879, 1880). The 
multinucleated character of the non- 
articulated laticifer was first established 


by Treub ( 1879 ) who reported this condi- 
tion in the laticifers of Urtica dioica L. 

The origin of the coenocytic ( Foster, 
1949) phenomenon within the laticifer 
was ascertained by Treub (1880) who 
reported that the multinucleated condition 
resulted from the division of nuclei without 
the formation of a cell plate. Although he 
reported observing division figures in the 
laticifers of Vinca minor L., Stephanotis 
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floribunda Brogn., Hoya ariadne Decne., 
Ochrosia coccinea Mig. and Cyrtosiphonia 
spectabilis Miq., he depicted them only 
in the laticifers of Urtica dioica L. 
Isolated stages of nuclear division 
within the non-articulated laticifer were 
observed by several other investigators in 
subsequent studies upon this unique cell 
type ( Buscalioni, 1898: Nemec, 1910; 
Smolak, 1904). However, Treub’s des- 
cription is still the basis for the present 
fragmentary knowledge of this pheno- 
menon. Since knowledge of nuclear divi- 
sion within the non-articulated laticifer is 
incompletely documented, a more detailed 
study of the process is not only of interest 
but essential as the basis for morpho- 
genetic investigations now being con- 
ducted by the author upon this particular 
cell type. 


Materials and Methods 


Vegetative shoot apices were removed 
from actively growing plants of Nerium 
oleander L. ( Apocynaceae ) and preserved 
in formalin-propionic acid-alcohol ( F.P.A.) 
and Belling’s modified Navaschin fluid 
( Johansen, 1940). Following preserva- 
tion, the material was dehydrated in a 
tertiary butyl-ethyl alcohol series ( Johan- 
sen, 1940) and embedded in paraffin 
( Tissuemat 52°-56°C.). Transverse and 
longitudinal sections, 6-10 u thick were 
prepared for this study. The material 
was stained with either tannic acid - ferric 
chloride-safranin and fast green, or Hei- 
denhain’s haematoxylin and safranin. 


Observations 


The non-articulated laticifers in Nerium 
oleander L. can aptly be described as 
multinucleated cells of immeasurable 
length. The mother cells of these idio- 
blasts are derived from a specifically 
oriented group of cells within the meriste- 
matic mass of tissue of the embryo during 
formation of the cotyledons. The initials, 
which occupy a position at the level of the 
cotyledonary node, can first be dis- 
tinguished from the adjacent cells by their 
enlarged size. Approximately twenty- 
eight laticifer initials are formed within 
the embryo of oleander. Each initial 
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grows bidirectionally, the uppermost end 
developing into the shoot axis and the 
lowermost end into the root axis. By 
means of active apical growth at the tips 
of these cells, the laticifers penetrate into 
various tissues and organs of the plant 
body. 

In the shoot, the actively growing tips 
of laticifers in Nerium bifurcate readily 
resulting in the formation of numerous 
branches from any original laticifer initial. 
The tips of branches retain a position 
within the region of the meristem of the 
shoot, while the remaining penetrate into 
lateral organs (Fig. 1). Tips of the 
branches penetrate between adjacent cells 
and not into or through the surrounding 
cells. 

During growth of laticifer initials, repe- 
titive nuclear divisions result in the forma- 
tion of the multinucleated protoplast. 
Various stages of nuclear division were 
observed in the laticifers within the shoot 
apices of Nerium oleander and all obser- 
vations reported in this paper were 
obtained from this portion of the plant 
body. The process of nuclear division in 
laticifers appeared to be identical with the 
process of mitosis, or karyokinesis, which 
was observed in the parenchymatous cells 
adjacent to the laticifers. There was no 
indication of the occurrence of amitosis. 
Therefore, the terms mitosis or karyo- 
kinesis will be employed to describe the 
process of nuclear division within the 
laticifers. 

In the apices of seedling and adult plants 
which were studied, mitoses were observed 
in the laticifers only within the meriste- 
matic shoot apex, including young prim- 
ordia of foliar organs. No divisions were 
observed at the very apex of any laticifer 
branch, but always distant from the tip 
in the general zone of cellular elongation. 
It may be, that nuclei close to the growing 
tip of a branch divide less frequently than 
the nuclei in the region of elongation. 
Nuclear division was not observed in the 
maturing or matured tissues of the plant 
body two millimeters or more from the 
shoot apex. 

The intrusively growing tips of the 
laticifer in the meristem of the shoot 
remain protoplasmic; a central vacuole dis- 
tal from the growing apices of the laticifer 


112 


becomes filled with a clear latex. In the 
protoplasmic tips of the laticifer, the 
nuclei can be observed in any position 
within the cell. In the vacuolated region 
the nuclei are contained only within the 
parietal layer of protoplasm which .en- 
closes the vacuole. The nuclei are distri- 
buted at random along the length of the 
cell in the growing shoot. They may 
occur singly (Fig. 2) or in groups of 
several or more (Fig. 3). Each of the 
several nuclei in Fig. 3 contains a 
single nucleolus; occasionally a nucleus 
may contain more than one nucleolus 
(Eig32)): 

Considerable variation exists in size and 
form of interphase nuclei within the lati- 
cifer. Most frequently, the nuclei are 
elongate or spindle-shaped (Fig. 2), 
although some are also spherical in form 
(Fig. 3). Shape of nuclei cannot be 
related directly to position within the cell, 
since both forms can be observed in various 
parts of the plant. In maturing or 
matured portions of the shoot, the nuclei 
are usually elongate. Several represen- 
tative length-width measurements of the 
size of interphase nuclei are as follows: 
for a very long nucleus, 25-6 4 X3 u; for a 
small nucleus, 5-6 u x 2-5. In comparison, 
the average size of several representative 
nuclei from adjacent parenchyma cells was 
42ux41u Various intergradations in 
size of the nuclei occur in the laticifer; 
large and small nuclei may occur adjacent 
to each other. 

In Nerium oleander the characteristic 
ellipsoidal form of the interphase nucleus 
within the laticifer does not change during 
early prophase stage of mitosis. A signi- 
ficant increase in nuclear size occurs 
during prophase. The increase in volume 
appears to be associated with an increase 
in quantity of the karyolymph. The 
chromosomes, which are much condensed, 
become quite visible on or near the surface 
of the nucleus ( Fig. 4). 

The nucleus which formerly may have 
been appressed more closely to the cell wall 
becomes reoriented to occupy a more 
central position within the laticifer dur- 
ing prophase. The nucleus assumes a 
spherical form prior to prometaphase 
(Fig. 5). Portions of chromosomes are 
evident upon the surface of the nucleus 
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and a nucleolus is still evident at the lower 
right in this figure. 

The metaphase stage of mitosis within 
the laticifer is not unlike this stage in any 
adjacent parenchyma cell; the chromo- 
somes become arranged in a radial manner 
at the median periphery of the spindle 
(Fig. 6). Portions of the cytoplasmic 
sheath, which formerly surrounded the 
nucleus, appear to have become accu- 
mulated at both poles of the mitotic 
figure. Although it has not been possible ~ 
as yet to determine the number of chro- 
mosomes within the dividing nuclei in 
the laticifer, there was no suggestion of a 
polyploid condition (2n=22, Tjio, 1948 ). 
Since no polar view of a mitotic figure 
was observed with certainty within 
the laticifer, a precise count of the 
somatic chromosome number was not 
obtained. 

A mid-anaphase stage is illustrated 
photographically in Fig. 7. No chromo- 
somal irregularities, such as chromo- 
somal bridges or lagging chromosomes, 
were detected in any of the mitotic figures 
which were observed. 

During the telophase, and the culmi- 
nation of karyokinesis, there is no forma- 
tion of a cell plate between the resultant 
daughter nuclei in the laticifer ( Fig. 8) 
in contrast to the formation of a plate in 
adjacent parenchyma cells. Interestingly, 
all of the mitotic figures, which were ob- 
served, were oriented parallel to the long 
axis of the laticifer cell. 

The spindle of the mitotic figure in the 
laticifer does not increase in width or 
volume during the anaphase ( Fig. 7) or 
telophase (Fig. 8) stages of mitosis. 
There is no evidence of the formation of a 
phragmoplast in any late mitotic stages 
which were observed. The mechanism, 
genetical or physiological, whereby the 
capacity of phragmoplast formation was 
lost during phylogeny remains obscure. 

In the laticifer, the spindle apparatus, 
although persistent during telophase ( Fig. 
8), disappears during the late telophase 
stage of division ( Fig. 9). In studying 
the multinucleated condition in fibres of 
tobacco, Esau (1938) reported that the 
spindle fibres gradually disappeared dur- 
ing late anaphase and telophase. In Ne- 
rium there is a progressive decrease in the 
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protoplasmic spindle apparatus during the 


organization of the two daughter nuclei 


(Fig..9.). 

Upon reconstruction of the nuclear 
membranes a pair of daughter nuclei is 
formed, identifiable by their spherical 
shape and close proximity to each other 
(Fig. 10). As was also observed by 
Smolak ( 1904 ), both daughter nuclei may 
move toward one another often becoming 
closely appressed. During their subse- 
quent movement, the nuclei separate and 
assume the more elongated form charac- 
teristic of the interphase nuclei ( Fig. 2). 

Nuclei within a single laticifer branch 
or adjacent branches were observed in 
various stages of division, as well as 
interphase. The nuclei within close proxi- 
mity to each other do not divide simul- 
taneously. Division appeared to be a 
more random process wherein neighboring 
nuclei may be in quite different phases of 
the division cycle. 


Discussion 


Treub (1879, 1880) described and 
depicted nuclear division within the lati- 
cifer as a rhythmic process in which the 
nuclei divide simultaneously. He also 
maintained that nuclei within a laticifer 
were in a similar stage of development and 
activity. Not only was division simul- 
taneous, but the nuclei also were in a 
very similar stage of division. He also 
described the occurrence of simultaneous 
nuclear divisions in libriform fibres of 
Humulus lupinus L. and Urtica dioica L., 
a phenomenon verified by Kallen ( 1882 ) 
for U. dioica. Esau ( 1938) reported and 
illustrated the occurrence of simultaneous 
divisions within the multinucleated phloem 
fibres of tobacco. 

Nemec (1910) was unable to substan- 
tiate the simultaneous occurrence of 


“ nuclear divisions within the laticifers of 


Euphorbia helioscopia L. Rather, he ob- 
served divisions to be irregular in occur- 
rence. His illustrations, however, suggest 
that several neighbouring nuclei may 
divide simultaneously. 

Nuclear division in the laticifers of 
Nerium occurred only in meristematic 
regions of the plant body. Mitosis, in 
these regions, did not occur simulta- 
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neously, for adjacent nuclei either in the 
same laticifer branch or in different 
branches were observed to be in various 
phases of the mitotic cycle. Although, 
two nuclei in one branch may be observed 
in a similar stage of mitosis occasionally, 
the numerous nuclei of that same branch, 
as well as in other branches, were in dif- 
ferent phases of division. These obser- 
vations on Nerium, therefore, support the 
conclusion of Nemec rather than that of 
Treub. 

A somewhat different interpretation of 
the multinucleated condition of laticifers 
was advanced by Milanez (1952) who 
described the laticifers of Euphorbia phos- 
phorea Mart. as multicellular structures 
which were formed by the fusion of nume- 
rous cells. Upon the lysis of the cell wall 
contents of these cells became incorporated 
into the laticiferous system. According 
to Milanez, the laticiferous system con- 
tained nuclei of two different origins: the 
pioneer nuclei, present in the initial 
elements of the laticifers; and the adventi- 
tious nuclei, which became a constituent 
of the system by subsequent incorporation 
of adjacent cells. He did not observe 
nuclear divisions within the laticifers. 
According to Milanez, upon incorporation 
of new cells into the laticiferous system, 
there appeared to be a rapid destruction 
of the nuclear chromatic material. 

No distinction of pioneer and adventi- 
tious nuclei can be made from the present 
studies upon Nerium oleander. Further, 
classical studies upon the laticifer system 
in the genus Euphorbia do not support the 
multicellular concept of the laticifer. 
Hence, there would be no differentiation 
of pioneer and adventitious nuclei. 

Several observations indicate that the 
process of nuclear division within the 
laticifer is a highly complex phenomenon. 
The differential rate of mitotic activity 
along the length of the laticifer suggests 
that the regulatory mechanism of nuclear 
division is not controlled in toto by the 
laticifer cell. A similar mitotic gradient 
is evident in the adjacent tissues, wherein 
nuclear division is more rapid in the 
growing shoot apex than in the tissues 
distal from the apex. Therefore, the 
process of nuclear division within the 
laticifer and adjacent tissues could be a 
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response to some hormonal substance 
( Schaffstein, 1932) which, if synthesized 
within a meristematic zone, would have a 
distribution gradient within an organ 
similar to that of the mitotic gradient, 
both in the plant axis and the laticifer 
cells. 

The greater mitotic activity within a 
meristematic zone of an organ suggests 
that an extracellular hormonal stimulus 
does exert a controlling influence upon 
karyokinesis within the laticifer. Yet the 
response of individual nuclei, which behave 
independently of one another to a mitotic 
stimulus within a meristematic zone, sug- 
gests that nuclear division is controlled 
in part by the laticifer itself. Both the 
absence of simultaneous nuclear division 
and the infrequency of division in the tips 
of the laticifer suggest that the laticifer 
proper does play a partial role in control- 
ling the process of karyokinesis within the 
cell. 

The possibility that the increase in 
number of nuclei within the laticifer 
resulted from amitosis was carefully in- 


vestigated since this mechanism of nuclear 


multiplication has recently been reported 
to occur during endosperm development 
in Cocos nucifera (Cutter ef al., 1955a, 
1955b ). However, there was no evidence 
that this process did occur. Similarly, 
there was no evidence of nuclear fusion or 
fragmentation. The membranes of con- 
tiguous nuclei were always clearly intact. 
In the many division figures observed in 
the laticifers of Nerium, there was no 
indication of nuclear aberration, such as 
chromosome bridges or lagging chromo- 
somes. It is quite possible that changes 
may occur in the nuclei as they become 
more distant from the meristematic region 
of the shoot apex during growth in the 
normal plant. This should be emphasized 
in the light of accumulating evidence 
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of endopolyploidy in somatic tissues 
(D’Amato, 1952). As yet no attempts 
have been made to chemically induce 
nuclear division in the laticifers which are 
present in maturing tissues to determine 
any cytological variability of the nuclei 
along the length of a single laticifer 
cell. 

The occurrence of karyokinesis, not 
followed by cytokinesis in the laticifer, 
emphasizes the separability of these two 
processes. Speculatively, this change of 
the cytokinetic capacity may be one of 
inhibition or complete loss in the capability 
of cell plate formation. At present, it 
remains obscure as to whether the loss 
of the cytokinetic mechanism can be 
attributed to a genic change of the 
nuclear materials, or a biochemical change 
of a triggering mechanism within the 
cytoplasm during differentiation of the 
laticifer mother cell. Certainly, the com- 
plete absence of cell plate formation or 
part thereof is indicative of a fundamental 
change in the morphogenetic capacity of 
the nuclei, the cytoplasm, or both. 

The progressive increase in number of 
nuclei in the laticifer branches produces 
an imbalance in the nuclear substances 
in this cell when compared with adjacent 
uninucleated cells. The sphere of in- 
fluence of a nucleus within a uninucleat- 
ed cell can be assumed to extend through- 
out the entire cell. In the laticifer, in 
contrast, no such physical delimitation 
is present. Just how such quantitative 
nuclear changes may be related to the un- 
limited growth potential of the laticifer 
is uncertain at this time. Speculatively, 
the multinucleated condition undoubtedly 
does influence the morphogenetic poten- 
tialities of the cell. Whether the nuclei 
exert their morphogenetic influence in the 
laticifer singly, in aggregate, or both, 
requires clarification. 


<_—- 

Fics. 7-10 — Nerium oleander L. Mitosis in the laticifer. Fig. 7. Anaphase. No cell plate is 
evident. % 2300. Fig. 8. Telophase. Neither cell plate nor phragmoplast formation is evident 
within the spindle apparatus. x 2300. Fig. 9. Late telophase. The spindle apparatus has nearly 


disappeared completely with no evidence of cell plate formation in the mitotic figure. 
Fig. 10. Two daughter nuclei after reconstruction of the nuclear membranes. 
surrounded by an extra-nucleolar zone ( in focus in lower nucleus ) is present in both nuclet. 


2100. 
A single large nucleolus 
2100. 
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Summary 


The protoplast of the non-articulated 
laticifers in Nerium oleander L. is multi- 
nucleated or coenocytic in character. 
The numerous elongated nuclei within 
this idioblastic cell type are derived from 
repeated nuclear divisions within the 
actively growing laticifer cell. Mitotic 
activity in the branched laticifers does not 
occur along the entire length of the cell 
but is restricted to the intrusively growing 
portions of the laticifer present in various 
meristematic regions of the plant body. 
Mitoses did not occur simultaneously in 
these regions. Rather, the nuclei divide 
independent of each other. The mitotic 
cycle within the laticifer is incomplete in 
that karyokinesis is not followed by cyto- 
kinesis. Polar movement of the daughter 
chromosomes is not obstructed by evident 
irregularities, i.e. chromosome bridges or 
lagging chromosomes, during karyokinesis. 
Although an achromatic spindle apparatus 
is formed during karyokinesis, there is no 
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evidence of the formation of a cell plate or 
phragmoplast during the mitotic cycle. 
The resultant spherically-shaped daughter 
nuclei gradually separate and subsequently 
assume an elongate form, characteristic of 
the interphase nuclei within the laticifer 
cell. No fusion or degeneration of nuclei 
occurs within the laticifer. The dif- 
ferential rate of mitotic activity and in- 
dependent nuclear division along the 
length of the laticifer cell suggests that the 
mitotic process is influenced both by 
extracellular and intracellular factors, as 
yet undetermined. 

Preliminary phases of this investiga- 
tion were submitted in partial fulfilment 
of the requirements for the degree of 
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DIPLOSPOROUS PARTHENOGENESIS IN AERVA 
TOMENTOSA FORSK. 


R. C. SACHAR & PREM MURGAI 
Department of Botany, University of Delhi, Delhi 8, India 


Introduction 


Aerva tomentosa growing in the Univer- 
sity Botanical Garden for the last several 
years has never revealed any male flowers. 
A search for male plants in the University 
campus gave only negative results. At no 
stage did the glandular stigma show any 
trace of a pollen grain or pollen tube. 
Nevertheless, seed setting was very regular 
and the seeds were fully viable. It was 
natural to suspect parthenogenesis and 
this was confirmed by bagging the in- 
florescences. A brief note has already 
been published elsewhere on this subject 
(Sachar & Prem Murgai, 1958). The pres- 
ent paper describes in some detail the mode 
of reproductive development in Aerva. 


Material and Methods 


The material was collected from the 
University Botanical Garden as well as 
from the Delhi Ridge. Some fixed spikes 
were also very kindly sent to us by 
Dr N. C. Nair from Pilani. The young 
buds, flowers and ovaries were run through 
the alcohol-xylol series while the hard seeds 
were first treated with 5 per cent KOH 
for 12 hours and then passed in the tertiary 
butyl alcohol series. Sections were cut 
from 6 to 15 u and stained with iron-alum 
haematoxylin with a counterstain of fast 
green and also with safranin and fast green. 

The study of developmental stages of 
endosperm and embryo was also supple- 
mented by dissections. Seeds of different 
ages were soaked for 4 hours in 10 per cent 
KOH solution. The nucelli were then dis- 
sected out and treated with a mixture of 
Jactophenol and cotton blue. After the 
embryo and endosperm had taken up the 
stain, the nucellus was carefully remov- 
ed and embryo sacs alone mounted in 
lactophenol, 
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Very young female spikes with closed 
buds were bagged in order to determine 
the behaviour of the egg cell. Some small 
black insects were associated with the 
spikes but these were removed before bag- 
ging. In any case there are no anthers 
and no functional pollen. 


Observations 


EXTERNAL MORPHOLOGY — Aerva tomen- 
tosa is a perennial dioecious herb with 
axillary or terminal woolly spikes ( Figs. 1, 
2). The pistillate flowers have a perianth 
of 5-8 segments. The unilocular ovary 
contains a single basal ovule and a short 
style capped by two or rarely three 
glandular stigmas ( Fig. 4). The ovary is 
surrounded by a ring of 8-10 staminodes 
which do not produce any pollen ( Fig. 3 ). 

THE OvuLE—The bitegmic, crassi- 
nucellate ovule assumes an ana-campylo- 
tropous form. The micropyle is formed 
by the inner integument only. Both the 
integuments are two layered thick along 
the sides but in the micropylar region they 
comprise 3-5 layers. A cap-like structure 
is formed by the activity of nucellar 
epidermis. A characteristic feature of the 
ovule, common to members of the Centro- 
spermales, is the presence of a tiny air 
space between the two integuments in the 
chalazal part of the ovule. 

MEGASPOROGENESIS AND FEMALE GAME- 
TOPHYTE — Usually there is a single hypo- 
dermal archesporial cell but sometimes 
two or three cells have been observed. 

During further development, a single 
megaspore mother cell is seen below a few 
layers of parietal tissue (Figs. 5, 6). 
Rarely two megaspore mother cells may 
develop simultaneously and give rise to 
twin gametophytes (Fig. 21). In spite 
of the fact that a large number of ovules 
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Fics. 1-4 — External morphology. Fig. 1. 
Portion of an inflorescence. x 0-5. Fig. 2. 
Magnified view of a spike. x 1:6. Fig. 3. Female 
flower after removal of perianth lobes; the ovary 
is surrounded by a ring of staminodes. x 31. 
Fig. 4. An ovary containing a single basal ovule; 
note the short style capped by a bifid glandular 
stigma. x 31. 


were sectioned, there was no indication 
whatsoever of the formation of tetrads 
or ‘triads’. A normal meiosis does not 
occur in Aerva and the development of the 
embryo sac may occur in one of the 
following two ways: 

1. In the majority of ovules the mega- 
spore mother cell begins to enlarge in size, 
increasing in length from 40 & to 100 u. 
Small vacuoles appear in the cytoplasm 
which coalesce to form the two large 
vacuoles on either side of the nucleus 
( Figs. 6-9). Thus, the megaspore mother 
cell functions directly and undergoes three 
successive divisions to give rise to an 8- 
nucleate embryo sac ( Figs. 10, 11, 17). 
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2. In the second type which is much 
rarer, the megaspore mother cell divides 
to form two daughter cells ( Figs. 12, 13) 
of which the upper degenerates and the 
lower develops into an embryo sac. The 
degenerated remnants of the upper cell 
were visible up to the 2 and 4-nucleate 
stages (Figs. 15, 16). The formation 
of this dyad-like structure does not neces- 
sarily mean a bisporic type of develop- 
ment. In several apomictic forms such 
as Taraxacum albidum ( Bergman, 1941), 
a dyad is formed and the lower chalazal 
cell develops into an embryo sac without 
there being any true meiosis. 

Since meiosis does not occur during the 
formation of the embryo sac, the plant is 
to be regarded as an apomict. Although 
the actual divisional stages of a disturbed 
meiosis have not been observed, a few 
other findings suggest such a possibility: 

(a) The nuclei of the 2 and 4-nucleate 
embryo sacs are large, irregular in shape 
and show a multinucleolate condition. 
Such nuclei are more common in apomictic 
forms than in normal plants. 

(b) The regular parthenogenetic de- 
velopment of the egg into an embryo 
strongly supports the diploid nature of the 
embryo sac which only could be possible 
if the reduction division was to be omitted 
during megasporogenesis. 

The mature embryo sac comprises the 
usual egg apparatus, two polar nuclei and 
three antipodal cells ( Fig. 18). The two 
synergids are ephemeral and degenerate 
at an early stage ( Fig. 19). The organi- 
zation of the antipodal cells precedes that 
of the egg apparatus. During the secon- 
dary elongation of the embryo sac they 
occupy a lateral position ( Figs. 19, 20). 
The antipodal cells are persistent, thus 
recalling the characteristic feature of the 
family. 

In many embryo sacs the egg and 
synergids degenerate while the polar nuclei 
and the antipodal cells remain healthy 
for some time ( Fig. 20). Such ovules are 
abortive and explain the cause of sterility 
in some of the spikes. 

A case of twin embryo sacs was ob- 
served, the upper 8-nucleate and the lower 
2-nucleate ( Figs. 21,22). Most probably 
they arose by the simultaneous functioning 
of two megaspore mother cells, 
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_ ABNORMAL EMBRYO Sacs—In a few if all the nuclei were to undergo one more 
ovules the 4-nucleate embryo sac (Fig. 23) division, the resulting embryo sacs will be 
_ resulted in one showing 6 nuclei, two atthe 12-nucleate. There would be four nuclei 
 micropylar end and four at the chalazal at the upperend and eight at the basalend. 
end (Fig. 24). The fate of such oberrant At least one preparation showed an or- 
‚ gametophytes is difficult to interpret, but ganized 12-nucleate embryo sac which 


Big. 5. Ls. upper 
part of nucellus with megaspore mother cell. x 550. Fig. 6. Same, showing an increase in parietal 
tissue without the division of the megaspore mother cell. x 550. Figs. 7-9. Megaspore motoer cell 
directly functioning as a megaspore. x 550. Figs. 10, 11. 2 and 4-nucleate embryo Sacs. 733. 
Fig. 12. Megaspore mother cell, x 550. Fig. 13. L.s. nucellus showing dyad cells. x 550. Fig. 
14. Dyad, the upper cell has degenerated. x 550, Figs. 15, 16. 2 and 4-nucleate embryo sacs 
with remnants of upper dyad cell. x 733, 


Fics. 5-16—Development of megasporangium and female gametophyte. 
0 i 


17-22. 


IGS, 


F 


(Fig. 27). 
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could have originated in this manner 
It seems that after the 48 
arrangement, the upper four nuclei or- 
ganized into an egg apparatus and a polar 
nucleus. The synergids had already de- 
generated and the egg was slightly dis- 
placed from its normal position. Out of 
the chalazal nuclei, three had differen- 
tiated into antipodal cells and the re- 
maining five served as polar nuclei. 

A common abnormality is the lack of 
the usual organization. This is more pre- 
valent in polyploid embryo sacs and is 


| often associated with supernumerary polar 


nuclei (cf. Hakansson, 1951 on Allium 
nutans ). In one ovule, in which the egg 
apparatus had degenerated, there were 
three healthy polar nuclei of similar size 
and only two antipodal cells (Fig. 28). 
In some other embryo sacs an increase in 
the number of polar nuclei was associated 


with a corresponding decrease in the 


cells. 


number of both synergids and antipodal 
Thus, in Fig. 25 showing four polar 


nuclei, the egg apparatus comprises the egg 


cell and one synergid and at the chalazal 
end there are only two antipodal cells. 
One mature embryo sac showed a 9- 
nucleate condition. Besides the usual egg 
apparatus, two polar nuclei and three 
laterally placed antipodal cells, there was a 
large elongated nucleus in the middle of 
the embryo sac (Fig. 26). The origin 
or fate of this nucleus is not clear. 
PARTHENOGENESIS — As has been men- 
tioned earlier, a search for male plants in 
the University Botanical Garden and Delhi 
Ridge proved futile. To ascertain this 
point further, numerous open flowers of 
different ages were selected and aceto- 
carmine squashes of their styles and 
stigmas examined. A thorough search 
was also made for pollen tubes in the 
microtome preparations of the styles and 
the ovules. The results were entirely 
negative. Similarly many mature embryo 
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sacs examined for syngamy and triple 
fusion showed no such indications. It 
is thus clear that the pollen has no role 
in the development of the endosperm and 
embryo. Young spikes which were bagged 
gave a normal seed set comparable with 
that in unbagged spikes ( Figs. 35-38 ). 
Seeds taken from bagged spikes were as 
viable as those from spikes developing 
normally. 

Recalling here the development of mega- 
spore mother cell, the omission of normal 
meiosis leads to a diploid embryo sac and 
a parthenogenetic embryo. 

ENDOSPERM — The polar nuclei fuse 
to form a secondary nucleus ( Fig. 29), 
which directly assumes the role of a pri- 
mary endosperm nucleus. The endo- 
sperm is thus of an autonomous type. 

The division of the endosperm nucleus 
precedes that of the egg ( Figs. 30, 31, 34) 
and several free nuclei are disposed along 
the periphery of the embryo sac ( Figs. 35- 
38). Rarely the endosperm nuclei do not 
divide actively, as in one case only three 
nuclei were formed at the two-celled stage 
of the proembryo ( Figs. 32, 33). The en- 
dosperm nuclei are large, multinucleolate 
and of a variable shape. 

At the early globular stage of the pro- 
embryo the endosperm enters the cellular 
phase (Fig. 39). Cell formation begins 
in the micropylar region close to the 
embryo, and later extends along the peri- 
phery of the embryo sac. The free nuclear 
condition persists for sometime at the 
chalazal end, but eventually the entire 
endosperm becomes cellular (Fig. 40). 
The cells are uninucleate, thin-walled and 
highly vacuolated. They are gradually 
consumed by the growing embryo and in 
the mature seed only 1-2 layers persist in 
the micropylar part of the ovule ( Fig. 
49 ). 

oes — The unfertilized egg under- 
goes a brief period of rest and often shows 


A — 
Fras. 17-22 —- Female gametophyte 

Fig. 18. Mature embryo sac. x 1047. 

shifted antipodal cells. x 1047. 


the development of caecum from the chalazal part of the embryo sac. > 
Fig. 22. Magnified view of the twin embryo sacs, 


x 4081 


with twin embryo sacs. 


( contd.). 
Fig. 19. Same, with degenerated synergids and laterally 
Fig. 20. Mature embryo sac with degenerated egg apparatus; note 


Fig. 17. 8-nucleate embryo sac. x 1047. 


1047. Fig. 21. L.s. ovule 


x 1047. 
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Fics. 23-28 — Abnormal embryo sacs (e, egg cell ) 


6-nucleate embryo sac. 


starch grains (Figs. 29, 31). It divides 
transversely to form an apical cell ca and a 
basal cell cb ( Fig. 41). The basal cell cb 
is the first to divide, giving rise to ci and 


Fig. 25. 8-nucleate embryo sac with four polar nuclei. 
embryo sac. Fig. 27. 12-nucleate embryo sac with displaced egg. 
disorganized egg apparatus, three polar nuclei and two antipodal cells. 
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. Fig. 23. 4-nucleate embryo sac. Fig. 24. 


Fig. 26. 9-nucleate 
Fig. 28. Embryo sac with 
All figures. x 785. 


m (Fig. 42). The apical cell ca then 
divides transversely into J’ andl. Thus, a 
four-celled proembryo is formed ( Fig. 43 ). 
Sometimes ca may divide by a vertical 
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wall resulting in a L-shaped proembryo 
(Fig. 44). 

The cell 2 divides by a vertical or an 
oblique vertical wall ( Fig. 46, 47). The 
two daughter cells form two tiers as a 
result of periclinal divisions ( Figs. 48, 49 ). 
The behaviour of J’ is variable. It may 


rics. 29-34 


X 224, 


Development of endosperm (ds, degenerated synergid ). ) 
sac with undivided egg cell, primary endosperm nucleus and a degenerated synergid. 
Fig. 30. Embryo sac with egg and two endosperm nuclei. 
nuclei; note the presence of starch grains in the egg. 

proembryo and three endosperm nuclei. x 35. 


Fig. 
Fig. 34. Egg with six endosperm nuclei. 
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divide by an oblique transverse wall or by 
a vertical wall ( Figs. 46, 47). 

The tier m usually undergoes a trans- 
verse division forming d and f ( Figs. 47, 
48, 49), but sometimes it may also 
divide by an oblique vertical wall ( Figs. 
48,49). 


33 


Fig. 29. Embryo 


x. 224. 


224. Fig. 31. Egg and three endosperm 
224. Fig. 32. L.s. ovule showing a 2-celled 
33. Magnified view of Fig. 32. x 224. 


Figs, 35-40. 
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F1GS. 41-50 — Embryo. 
ment of the embryo; 
text. x 405. 


Stages in develop- 
for explanation refer 


The tiers n and n are formed by 
a transverse division of c (Fig. 48). 
Subsequently both # and % divide peri- 
clinally forming 7, ¢ and o, p respectively 
(Fig. 49). 

The embryo proper is formed by J, /’ and 
a few derivatives of cb, i.e. m ( Fig. 50). 
Thus the embryo follows a Chenopodiad 
type of development. The mature em- 
bryo occupies the entire cavity of the 
curved embryo sac ( Fig. 59 ). 

In one preparation the suspensor be- 
came multiseriate as a result of abnormal 
meristematic activity ( Fig. 38). Further 
proliferation of the suspensor may give 
rise to an additional proembryo. 

SEED Coat—At the mature embryo 
sac stage the nucellus is 3-4 layered at the 
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sides but more massive at the chalazal 
end ( Figs. 51, 52). The integuments are 
2 layered but become slightly swollen in 
the micropylar part of the ovule. 

The outer layers of both the integuments 
become thickened and impregnated with 
tannin-like substance, thus adding to the 
hard and brittle nature of the testa. 

The inner layer of the inner integument 
becomes compressed and is consumed at 
the globular stage of the proembryo ( Figs. 
53, 54, 55,56). The outer layer of the in- 
ner integument becomes cutinized ( Figs. 
59150: 

Both the layers of the outer integument 
enlarge in the beginning ( Figs. 54, 56). 
The inner layer has broad thin-walled cells 
arranged in a palisade-like fashion ( Figs. 
57, 58). The outer layer, whose cells are 
full of starch grains, is richly protoplasmic 
when the egg is still undivided ( Figs. 53, 
54). At the globular stage of the pro- 
embryo (Fig. 56) the cells lose their 
nuclei, become devoid of contents, and 
are richly packed with a tannin-like subs- 
tance. 

There is a considerable reduction of the 
nucellar tissue. Out of the 3-4 layers 
lining the upper part of the embryo sac, 
only one persists at the globular stage of 
the proembryo (Fig. 56), and this too 
is eventually absorbed (Figs. 58, 60). 
When the cotyledons have differentiated, 
the endosperm comes to lie in direct 
contact with the inner integument due 
to the disintegration of the nucellar tissue 
( Fig. 60). However, this is not true of 
the extreme chalazal end of the embryo 
sac where the nucellar tissue comprises 
many layers and serves as a perisperm 
( Figs. 59, 60). The cells of the perisperm 
are richly laden with starch grains. 


Summary and Conclusion 


Aerva tomentosa is an apomict. The 
plants are described as dioecious, but 
no male plants were found in Delhi. 


<— 
Fics. 35-40 


Endesperm (contd.) (emb, embryo; end, endosperm; p, 


perisperm ). Figs. 


35-38. Whole mounts of upper part of nuclear endosperm dissected from bagged spikes; the embryo 


is at different stages of development and shows proliferation of suspensor in Fig. 38. 


x 363. 


Fig. 39. L.s. embryo sac with cellular endosperm in the upper part and free nuclear in the chalazal 


region. X 363. 


Fig. 40. L.s. seed ( diagrammatic ). x 56. 
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Presumably they are extremely rare in 


nature. The spikes examined by us showed 


only pistillate flowers with 8-10 staminodes. 

The ovary contains a basal bitegminal 
crassinucellar ovule. The megaspore 
mother cell does not underge the usual 
meiotic divisions. Instead, the develop- 
ment is diplosporous. In the majority 
of ovules the megaspore mother cell en- 
larges considerably and becomes highly 
vacuolated. The resultant cell, which 
undergoes a long period of rest, functions 
directly as the ‘ megaspore ’ ( Antennaria 
type). Less commonly, the mother cell 
divides to produce two daughter cells of 
which the lower one functions (Taraxacum 
type). Professor A. Nygren ( personal 
communication ) is of the opinion that 
Aerva shows synthesis of a primitive 
(Taraxacum) and an advanced ( Anten- 
naria ) type of diplospory, which has not 
been recorded in other apomicts. The 
mature embryo sac is 8-nucleate with the 
usual organization. A few abnormalembryo 
sacs showed supernumerary polar nuclei. 

The egg develops parthenogenetically 
and the embryo follows the Chenopodiad 
type of development. In most apomictic 
forms, although the egg is capable of 
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developing without fertilization, the endo- 
sperm formation is dependant upon 
pollination and triple fusion. This pheno- 
menon is referred to as pseudogamy and 
has been reported in Potentilla ( Gentcheff 
& Gustafsson, 1940), Allium ( Modilewski 
1930), Poa ( Häkansson, 1943, 1944) and 
Parthenium ( Esau, 1946). Ina few cases, 
however, triple fusion is not essential for 
the formation of endosperm and the 
secondary nucleus can directly produce the 
endosperm. Bücher (1951) has proved 
an autonomous division of the polar nuclei 
in Arabis holboellit by castration experi- 
ments, and in Allium nutans Hakansson 
(1951) has observed an autonomous 
endosperm ina small percentage of cas- 
trated flowers. In Aerva the autonomous 
nature of the endosperm is quite clear. 
The development of the endosperm is 
in no way suppressed in the bagged 
spikes. 

We are greatly indebted to Professor P. 
Maheshwari for his encouragement and 
valuable suggestions. Thanks are also due 
to Dr B. M. Johri for his interest. We 
have great pleasure in expressing our 
gratitude to Professor A. Nygren for his 
valuable comments. 


Literature Cited 


BERGMAN, B. 1941. Studies on the embryo sac 
mother cell and its development in Hieracium 
subg. Archieracium. Svensk bot. Tidskr. 
35 : 1-42. 

BocueEr, T. W. 1951. Cytological and embryo- 
logical studies in amphi-apomictic Arabis 
holboellii complex. Det K. danske vidensk. 
Selsk. Biol. Skr. 6: 1-59. 

Esau, K. 1946. Morphology of reproduction in 
Guayule and certain other species of Parthe- 
nium. Hilgardia 17: 61-101. 

GENTCHEFF, G. & GUSTAFSSON, A. 1940. Par- 
thenogenesis and pseudogamy in Potentilla. 
Bot. Notiser: 109-132. 


- 2 
Fics. 51-60 


oi, outer integument). Fig. 51 


at the egg and primary endosperm nucleus stage. 
Fig. 59 
52, 54, 56, 58, 60. Stages in development of the seed coat; portions marked ‘ x’ 
Figs. 51, 53, 55, 57, 59 respectively ( for details refer text ). 


< 41. 


heart-shaped stages of the embryo. 


HAKANSSON, A. 1943. Die Entwicklung des 
Embryosacks und die Befruchtung bei Poa 


alpina. Hereditas 29: 25-61. 

— 1944. Erganzende Beiträge zur Embryo- 
logie von Poa alpina. Bot. Notiser: 
299-311. 

— 1951. Parthenogenesis in Allium. Bot. 
Notiser: 143-179. 

MODILEWSKI, J. 1930. Neue Beiträge zur 
Polyembryonie von Allium odorum. Ber. 
dtsch. bot. Ges. 48: 285-294. 

SACHAR, R. C. & MurGAI, PREM 1958. Em- 
bryology of Aerva tomentosa Forsk. Curr. 


Sci. 27 : 105-106. 


Development of seed coat (end, endosperm; //, inner integument; #, nucellus; 
L.s. ovule at mature embryo sac stage. 


x 41. Fig. 53. L.s. ovule 
41. 55, 57. L.s. seed at globular and 
L.s. seed with mature embryo. 136. 
magnified from 


Figs. 


Figs 


412. 


FURTHER EVIDENCE OF SOME SO-CALLED ABNORMALITIES 
IN THE DEVELOPMENT OF THE MALE 
GAMETOPHYTE OF ANGIOSPERMS 


GEORGE W. JOHNSTON 
Mississippi State University, State College, Miss., U.S.A. 


Though many exceptional cases have 
been reported, the mature male gameto- 
phyte of angiosperms is still generally 
thought of as being a monosiphonous, 
unbranched structure containing two 
sperms, preceded by a tube nucleus. 
Furthermore, there is still a diversity of 
opinion on such topics as the importance of 
the tube nucleus in pollen tube develop- 
ment, the nature of the gametes ( whether 
naked nuclei or complete cells), and the 
occurrence of nucleoli in the nuclei of the 
gametes. The present paper is an attempt 
to provide further clarification on these 
points. 


Materials and Methods 


Pollen tubes of Clarkia elegans, Lilium 
regale, Gentiana sp., and Tulipa sp. were 
grown on sucrose-agar medium in the 
manner described by the author in a pre- 
vious paper (1941). When the tubes 
had reached the desired stage of develop- 
ment, they were killed in Navashin’s 
solution, processed in the usual manner 
and stained either in Heidenhain’s or 
Delafield’s haematoxylin. 

All drawings were made at table level 
with the aid of an Abbe camera lucida. 
The figures have been reduced in repro- 
duction, the approximate magnifications 
being shown in the legends. 


Observations 


POLYSIPHONY AND BRANCHING — Pol- 
len grains of many angiosperm species 
have several germ pores, yet most of them 
are monosiphonous, 7.e. only one pollen 
tube develops from each grain. In such 
grains, absorption of water, prior to 


pollen tube development, swells the grains 
noticeably but does not usually alter their 
shape to any great extent. The behaviour 
of the pollen of Clarkia elegans is an 
exception to both of the above-stated 
conditions. Upon absorption of water 
the pollen grains, originally round, become 
sharply three-angled or lobed and one 
or more tubes emerge from each lobe 
(Figs. 1, 2). The tubes grow ‘at ap= 
proximately the same rate for some time 
and there is little or no evidence of 
dominance by any one tube. Such a 
polysiphonous condition regularly occurs 
in the Malvaceae, Cucurbitaceae, and 
Campanulaceae according to Maheshwari 
(1950 }; 

The pollen tube is commonly pictured 
as an unbranched structure that grows 
unerringly from stigma to ovule. The 
tubes of Clarkia are not only much- 
branched (Fig. 1) but they are also 
curved and zigzagged, a collection of such 
tubes often resembling the mycelium of 
Rhizopus mgricans. Occasional branching 
and coiling of tubes is found in many 
species. Such a condition in Lilium 
regale ( Fig. 3 ) demonstrates the fact that 
a branch, because of the entry of the 
generative cell into it, may become more 
important than the main tube. 

NATURE OF THE GAMETES — Most wor- 
kers in recent years have shown that male 
gametes are complete cells and not naked 
nuclei (Maheshwari, 1950). During the 
course of investigating numerous species 
of angiosperms, the author has yet to see a 
gamete, while still associated with the 
pollen tube, that was not a complete cell. 
In spite of such evidence, some recent 
textbooks persist in picturing the gametes 
as naked nuclei. 
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Fics. 1-10 —- Fig. 1. Polysiphonous pollen of Clarkia with branched tubes. Note generative 
cell in one branch, tube nucleus in another. x 225. Fig. 2. Polysiphonous pollen with unbranched 
tubes. X 225. Fig. 3. Branched pollen tube of Lilium with generative cell and tube nucleus in 
same branch. x 225. Fig. 4. Highly-vacuolate, expanded male cells of Tulipa (note prominent 
nucleoli). x 300. Fig. 5. Alteration in shape of male cells of Tulipa upon release from pollen 
tube. x 300. Fig. 6. Rounding up of male cells of Tulipa when immersed in water. X 300. 
Fig. 7. Tube nucleus of Tulipa preceding gametes through tube. x 350. Fig. 8. Tube nucleus 
of Gentiana following gametes through tube. x 650. Fig. 9. Tube nucleus of Gentiana sand- 
wiched between gametes. x 650. Fig. 10. Gametic chromosomes of Tulipa in metaphase of 


mitosis. X 650. 
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The bounding membrane of a gamete is 
highly elastic yet firm enough to with- 
stand expansion and alteration without 
breaking. By simultaneously increasing 
the humidity and temperature beyond 
that required for normal development, 
the gametes can be made to absorb water, 
become highly vacuolate, and increase 
greatly in size (Fig. 4). In spite of such 
an increase, the gametes do not lose their 
identity as complete cells. If absorption 
continues to the point of bursting the end 
of the pollen tube, the gametes are libe- 
rated but still remain intact, often altering 
their shape as they escape the limiting 
confines of the pollen tube (Fig. 5). If 
enough moisture is present to bathe the 
gametes, they may assume a spherical 
shape ( Fig. 6). Similar changes in shape 
were clearly demonstrated by Wylie 
(1923, 1941) in the gametes of Vallis- 
neria. Thus reports of differences in size 
and shape of the gametes discharged from 
a pollen tube ( Maheshwari, 1950 ) could be 
explained on the basis of a differential 
rate of expansion and alteration. 

ROLE OF THE TuBE Nucleus — The 
importance of the tube nucleus in initiating 
the development of the pollen tube and in 
directing its growth has been greatly 
minimized by investigations of recent 
years. However, the popular idea of the 
tube nucleus always preceding the gametes 
through the tube still persists. 

Polysiphonous grains (Figs. 1, 2) re- 
fute the idea of tube initiation from only 
those germ pores in close proximity to the 
tube nucleus, additional tubes often de- 
veloping after the tube nucleus has passed 
from the pollen grain. In Ulmus, Shat- 
tuck ( 1905 ) observed more than one tube 
emerging from a pollen grain but the tube 
nucleus was not seen to enter a tube, the 
conclusion being that the tube nucleus 
disintegrated prior to tube development. 
Bishop & McGowan (1953) concluded from 
their work with Tradescantia that the 
tube nucleus is not essential for pollen 
tube development but that it performs an 
essential function in the division of the 
generative nucleus. 

Extensive branching of pollen tubes is 
evidence that the tube nucleus has little 
or nothing to do with directing tube 
growth. The generative cell and tube 
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nucleus in Clarkia were observed in sepa- 
rate branches of the tube ( Fig. 1), and in 
Lilium the main tube continued to elon- 
gate, even though the generative cell and 
tube nucleus had migrated into a side 
branch (Fig. 3). 

In those species in which division of the 
generative cell occurs in the pollen tube, 
the tube nucleus often, though by no 
means always, precedes the gametes 
through the tube (Fig. 7), hence the 
popular conception of the mature male 
gametophyte. Those species in which 
division of the generative cell occurs prior 
to tube development show variations in 
the behaviour of the tube nucleus. In 
Gentiana the tube nucleus either precedes 
the gametes, follows them ( Fig. 8), or is 
sandwiched in between them ( Fig. 9). 

NUCLEOLI IN GAMETES — There is a 
diversity of opinion concerning the pre- 
sence of a nucleolus in the nucleus of an 
angiosperm gamete. In the gametes of 
Camassia, Smith ( 1942 ) could not detect 
a nucleolus until nuclear fusion was com- 
plete. In Oxybaphus, Cooper (1949) 
failed to see nucleoli early after gamete 
formation but was able to see them after 
gametic contact in double fertilization. 
In Viola, West ( 1930 ) observed that the 
gamete uniting with the two polar nuclei 
was represented almost entirely by its 
nucleolus. In Tulipa, the gametes regu- 
larly show prominent nucleoli ( Figs. 
4, 5, 6) and in Gentiana ( Fig. 9) they 
frequently show them. The author has 
observed, by studying many species, that 
those which have generative cells with 
prominent nucleoli will produce gametes 
with prominent nucleoli also. Thus 
failure to observe nucleoli in gametes does 
not necessarily rule out their existence. 

SUPERNUMERARY GAMETES — Accord- 
ing to Maheshwari ( 1950 ) the presence of 
more than two gametes in a pollen tube 
is a rare occurrence and probably should 
be considered as an abnormality. Such 
extra gametes could originate from a 
pollen grain having more than one genera- 
tive cell or from division of the original 
pair of sperms. In Tulipa a pollen tube 
was observed in which the chromosomes of 
the gamete nuclei, in contrast to the tight 
clumping usually observed at telophase, 
were in a-typical metaphasic arrangement, 
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some of the chromosomes exhibiting char- 
acteristic relational coiling of chromatids 
(Fig. 10). Since no cell plate was evi- 
dent, it seems reasonable to assume that 
the chromosomes began a new division 
cycle immediately upon reaching the 
poles, without the usual telophasic appear- 
ance of a nuclear membrane and reversion 
of the chromosomes to the interphase con- 


dition. Completion of mitosis in the game- 


| tes, followed by cytokinesis in the usual 
manner, could have resulted in the forma- 
_ tion of four gametes in the pollen tube, as 
pictured by Eigsti (1941) in Polygonatum. 


Summary 


Male gametophyte development was 
studied in species of Clarkia, Lilium, 
Tulipa and Gentiana. The gametophyte 
of Clarkia is regularly polysiphonous, one 
or more pollen tubes coming from each of 
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the three lobes of the pollen grain. Branch- 
ing of tubes was commonly observed in 
Clarkia and occasionally in Lilium. The 
tube nucleus has no apparent connection 
with the initiation, development, or di- 
rection of growth of the pollen tube in 
the species under observation. Those 
species showing prominent nucleoli in the 
nucleus of the generative cell common- 
ly show nucleoli in the gametes, nucleoli 
always being apparent in the sperm 
nuclei of Tulipa. The male gametes of 
angiosperms, in the findings of the au- 
thor, are always formed as complete cells 
and not as naked nuclei. The sperms 
of Tulipa can be greatly enlarged and 
variously altered in shape without losing 
their identity as complete cells. Meta- 
phasic arrangement of the gametic chro- 
mosomes was observed in Tulipa, such 
a condition possibly resulting in super- 
numerary gametes in the pollen tube. 
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MORPHOGENETIC STUDIES ON OSMUNDA CINNAMOMEA L. 
— THE MECHANISM OF CROZIER UNCOILING 


W. R. BRIGGS & T. A. STEEVES 


Department of Biological Sciences, Stanford University, Stanford, California & Biological 
Laboratories, Harvard University, Cambridge, Massachusetts 


Introduction 


The histological and morphological 
changes which accompany the formation 
of an adaxially coiled leaf rachis during 
one phase of development of vegetative 
leaves of the fern Osmunda cinnamomea 
L. have been considered in detail else- 
where (Steeves & Briggs, 1958). The 
entire development of a vegetative leaf of 
this fern requires roughly four years (all 
or part of five growing seasons) from 
inception at the shoot apex to maturity. 
Following its origin at the shoot apex, a 
leaf primordium soon develops a charac- 
teristic hooked tip, curved adaxially 
through about 90°. During the first three 
growing seasons, the primordium increases 
slowly in size, mostly through the activity 
of its apex. The occurrence of more ac- 
tive cell division in the abaxial ground 
tissue than in the adaxial, just behind the 
apex, maintains the hook in an apical posi- 
tion during this period of development. 
The frond does not develop a crozier at 
this time, however, since, at a slightly 
lower level, more active cell division in the 
adaxial ground tissue than in the abaxial 
constantly equalizes the differential in cell 
number established just behind the apex. 
Thus, there is a continued unbending at 
the base of the hook, and adaxial curva- 
ture is maintained only at the very apex 
of the primordium. 

The formation of a crozier, consisting 
of three or more complete coils, occurs 
largely during the leaf’s fourth growing 
season, and is accompanied by pinna 
formation. Although the unbending pro- 
cess mentioned above does not cease at 
this time, apical growth is very much 
accelerated, such that coiling at the leaf 
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apex is occurring far more rapidly than 
unbending. The coiling process is ulti- 
mately the result of more active cell divi- 
sion in the abaxial ground tissue than in 
the adaxial, as was the case with the for- 
mation and maintenance of the hook, 
with the two daughter cells formed by 
each division returning to the size of the 
original parent cell. In the dormant 
crozier, at the completion of its develop- 
ment, and just prior to the fifth growing 
season, the cells in both regions are of 
approximately the same length, although 
a given linear row of cells in the abaxial 
ground tissue is usually about twice as long 
as a comparable row of cells in the adaxial 
region. During coiling, there exists a 
slight differential in cell length, with the 
longer cells in the abaxial ground tissue, 
but by the time that crozier development 
is completed, this differential has almost 
vanished. 

During the fifth and final growing 
season, the vegetative leaf emerges from 
the bud, uncoils, expands and finally 
matures. A general picture of the pheno- 
mena associated with leaf expansion and 
maturation has been presented elsewhere 
( Briggs & Steeves, 1958), and a study 
of the auxin relationships of developing 
fronds during their final growing season 
(Steeves & Briggs, 1959) is in prepara- 
tion. Itisthe purpose of the present paper 
to relate crozier uncoiling to the general 
framework established in the previous 
papers, and to discuss certain problems 
peculiar to the process itself. Since crozier 
uncoiling is a differential growth phenome- 
non, it is of considerable interest to study 
auxin relationships during uncoiling, and 
to determine the relative roles of cell divi- 
sion and cell enlargement in this process, 
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Materials and Methods 


A marking technique making possible 
a study of the distribution of growth in 
different regions of the rachis has been 
previously described, as has been a method 
for measuring cell lengths, both from fixed 
and stained material, and from freehand 
sections of living material (Briggs & 
Steeves, 1958). The general histological 
methods have also been presented pre- 


viously ( Steeves & Briggs, 1958 ). 


In experiments involving the external 
application of auxin, an emulsion of 0-5 
per cent indole-3-acetic acid (IAA) in 
50 per cent each of lanolin and water was 
used. Ether extractions of auxin were 
made from tissue slices approximately 
1 mm in thickness. The slices were al- 


lowed to remain in freshly distilled per- 


oxide-free diethyl ether at 0°C. for 4 hours. 
At the end of this time, the ether was 
decanted, the slices were rinsed with fresh 
ether, and the rinsings were added to the 
original extracts. The extracts were then 
evaporated to dryness over a steam bath, 
and the residue was taken up in an appro- 
priate volume of 1-5 per cent agar. For 
all auxin bioassays, the agar was cut into 
blocks 2:67 x 2:75 x 1-5 mm, and assayed 
by the standard Avena test (Went & 
Thimann, 1937). 


Observations and Results 


MORPHOLOGICAL ASPECTS OF CROZIER 
UNCOILING — In a previous paper con- 
cerning the general morphological and 
histological aspects of leaf expansion in 
O. cinnamomea, crozier uncoiling was brief- 
ly described ( Briggs & Steeves, 1958). 
At the conclusion of the dormant period, 
the bud, tightly encased by bud scales, 
or cataphyils, begins to enlarge. The 
current year’s leaves start to elongate, 


forcing their way upward, and separating 


the cataphylls. A vegetative frond may 
be as much as 8 or 10 cm in length ( mea- 
sured from ground level, and not including 
the leaf base ) before uncoiling is initiated. 
During this first period of development, 
the crozier elevation phase, the crozier 
increases steadily in size, so that its dia- 
meter may be doubled or tripled. This 
crozier enlargement is the result both of 
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cell division and limited cell elongation, 
the latter being confined primarily to the 
outermost half turn. Following crozier 
elevation, uncoiling is initiated, and the 
rate of uncoiling quickly accelerates, con- 
tinuing at a rapid rate until the comple- 
tion of the process. Coincident with the 
increase in the rate of uncoiling, there is a 
marked decrease in the amount and rate 
of elongation of rachis set off below the 
crozier, such that the increase in stature of 
the frond, plotted against time, forms a 
relatively smooth and typical sigmoid 
growth curve (see Briggs & Steeves, 
1958, Fig. 8). The maximum growth 
rate occurs during rapid crozier uncoiling, 
and diminishes quickly upon its comple- 
tion. 

In order to study the precise relation- 
ships between the total growth rate, the 
rate of uncoiling, and the relative size of 
the crozier, a series of 8 vegetative fronds, 
just emerging from the bud, was selected. 
From these fronds, total growth rates, 
rates of crozier uncoiling, and changes in 
dimensions of the croziers were obtained 
daily, from the time the fronds first 
emerged above the cataphylls until un- 
coiling was in progress. Four of the 
fronds were then sacrificed for cell mea- 
surement studies, to be discussed below, 
and the remainder were observed and 
measured until uncoiling was completed. 
Uncoiling rates were determined by plac- 
ing India ink marks on the backs of the 
rachises approximately 180° into the crozi- 
ers, and measuring any changes in their 
positions every 24 hours with a protractor. 
If more than 90° of the rachis had uncoil- 
ed during a given 24-hour period, a new 
mark was placed at the existing 180° 
position, so that a continuous record could 
be maintained. 

Figures 1, 2 and 3 illustrate, for a typi- 
cal frond, crozier elevation and the early 
stages of uncoiling. Fig. 1 was taken at 
the start of the experiment, Fig. 2, 4 days 
later, and Fig. 3, 6 days later. The frond 
was initially marked with India ink at a 
point just 180° into the crozier. A com- 
parison of Figs. 1 and 2 shows that during 
the 4-day interval between them, there 
was almost no change in the position of 
the mark (shown by a black line). By 
actual measurement, the frond uncoiled 
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only 6° while increasing in stature from 
5 to over 15 cm. These two figures illus- 
trate the crozier elevation phase. By con- 
trast, during the next two days ( Figs. 
2, 3), the frond uncoiled 168° as illustrated 
by the change in the position of the mark. 
During the first of these two days, un- 
coiling amounted to 65°, andon thesecond, 
to 103°. The changes occurring on these 
two days constitute the onset and accelera- 
tion of uncoiling. 

In Pigs, the: rates of uncoiling, the 
change in vertical diameter of the crozier, 


nf 


Fics. 1-4 — Figs. 1-3. Successive photogray 
elevation and the onset and acceleration of uncoili 


Original mark reinforced on photograph. 
of a portion of the first 90° segment of 
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Distance between marks on label is 10 cm. 
an uncoiling crozier, x 30, 
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and the total growth rate of a typical frond 
are graphed against time. During the 
first three days of the experiment, the last 
3 of the crozier elevation phase, there 
was no uncoiling. However, the diameter 
of the crozier increased steadily from 1-6 
to 2:5 cm (Since the crozier is roughly a 
plane spiral, the vertical diameter is not 
necessarily the same as the horizonal, 
but both of these dimensions followed 
approximately the same changes in time ). 
By the fourth day, uncoiling had been 
initiated, and by the fifth, had accelerated 
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hs of an individual plant illustrating crozier 
ng. See frond at extreme left. Details in text. 
Bigspy Lass 
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to approximately 90° per day, and fluc- 
_ tuated rather widely about a mean of 90° 
thereafter. It should be noted that the 
acceleration in the uncoiling rate between 
fourth and fifth day did not result in a 
comparable acceleration in the total 
growth rate, since, as has been mentioned 
previously, there was a reduction in the 
amount and rate of elongation below the 
crozier with the onset of uncoiling. In 
fact, although uncoiling continued at a 
rapid rate, following acceleration, the 
total growth rate gradually decreased. 
Furthermore, with the onset of uncoiling, 
the crozier did not diminish rapidly in 
size, as might have been expected, but 
rather decreased in size only slowly, until 
shortly before the termination of the 
process. Clearly, as uncoiling proceeded, 
the inner coils enlarged at a rate just 
sufficient to maintain the diameter of the 
crozier at approximately 2 cm. This 
value, of course, varied from frond to 
frond; but in all cases, it was only with 
the uncoiling of the innermost turn that 
crozier size dropped significantly. 

Thus, the total growth rate of the frond 
is determined by two factors: crozier un- 
coiling and elongation of the rachis below 


the crozier. For any one section of the the amount which leaves it. However, 
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rachis, these two processes occur sequen- 
tially, and are apparently rather precisely 
controlled. It should be pointed out that 
crozier enlargement contributes indirectly 
to the maintenance of the total growth 
rate by keeping at a constant level the 
length of any given arc of the crozier 
which is set off by uncoiling. In view of 
this complex situation, it is remarkable 
that the sigmoid curve of growth is as 
regular as it is. 

GEOTROPISM AND CROZIER UNCOILING 
Experiments which are being published 
elsewhere (Steeves & Briggs, 1959) in- 
dicate that the developing vegetative 
fronds of O. cinnamomea contain con- 
siderable quantities of diffusible and 
extractable growth hormone, or auxin. 
They further show that the majority, if 
not all, of the auxin associated with the 
growth of the frond during its final grow- 
ing season is produced by the expanding 
pinnae, and little or none by the rachis 
itself. It is further clear that in a frond 
which is actively uncoiling, but on which 
the most basal pair of pinnae is still more 
than 180° into the crozier, there is no 
significant difference between the amount 
of auxin which enters the outer 180° and 


erozier (Curve 2) and rate of uncoiling (Curve 3) for a typical frond. 
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it is the tissue of this region which begins 
to elongate differentially, thus bringing 
about the uncoiling reaction, and will 
soon elongate dramatically after being 
set off below the crozier. There must, 
therefore, be physiological changes occur- 
ring in the cells of this region which cause 
them to become responsive to auxin al- 
ready present. 

The outer 180° of the crozier is physi- 
cally placed such that one might expect 
an accumulation of auxin on the lower 
side, which is morphologically adaxial, 
under influence of gravity, according to 
the classic theory of geotropism ( Dolk, 
1929). Such an accumulation, in a 
region for the first time sensitive to endo- 
genous auxin, might well account for the 
observed uncoiling reaction. It was known 
that the developing leaves of Osmunda are 
extremely sensitive to gravity, showing a 
strong negative geotropism. Prankerd 
(1925) has reported that developing 
leaves of Osmunda regalis require a pre- 
sentation time of only 30 seconds in order 
to produce a measurable curvature, pre- 
sumably in the elongating region below 
the crozier, away from the direction of the 
stimulus. The leaves of O. cinnamomea 
are even more sensitive, requiring a sti- 
mulus of only 20 seconds’ duration to 
produce perceptible curvature ( Prankerd, 
19291)? 

In order to test the effect of the removal 
of the gravitational stimulus on crozier 
uncoiling, a small plant, possessing only 3 
vegetative fronds, was affixed to a clino- 
stat in a horizontal position, and kept 
there from the time the fronds were 
just emerging from the bud until they 
were mature. The clinostat rotated the 
plant once every 3 minutes. Daily growth 
records and observations on uncoiling 
were made on all 3 fronds for the entire 
period. The fronds required 8 days to 
uncoil, with a rate of uncoiling roughly 
comparable to that of the frond illustrated 
in Fig. 5. Thus, uncoiling was not appre- 
ciably affected by gravity. 

However, the final orientation of the 
fronds was far from typical. They de- 
parted from the shoot axis at an angle of 
approximately 45°, instead of the 10° 
which is normal, and they curved abaxial- 
ly through more than 180°, so that their 
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tips pointed almost directly down when 
the pot was righted at the end of the 
experiment. Therefore, the final orienta- 
tion of the frond is indeed a compromise, 
in nature, between growth processes in- 
herent in the rachis, and geotropism. In 
the absence of the normal geotropic sti- 
mulus, the fronds arch back far more than 
they do under normal conditions, and 
what begins as uncoiling ends in a slight 
coiling, but in the reverse direction. 
However, the actual process of uncoiling 
is not influenced by gravity. 

THE DISTRIBUTION OF AUXIN IN THE 
UNCOILING RACHIS AS DETERMINED BY 
ETHER EXTRACTION — Although geotro- 
pism is clearly eliminated as a possible 
causal agent in crozier uncoiling, there 
remains the possibility that an auxin dif- 
ferential may still exist, but brought about 
by some other factor. For instance, the 
pinnae, although lateral on the rachis, are 
distinctly adaxial in position. Since they 
are the major, if not the only, source of 
diffusible auxin, it seems possible that they 
might bring about an auxin differential 
simply by virtue of their position. In 
any case, it was important to determine 
whether or not there is an auxin dif- 
ferential, with a higher concentration 
being found in the adaxial region than in 
the abaxial, in the outer 180° of the crozier 
during uncoiling. 

In two separate experiments ether ex- 
tractions were made of the adaxial and ab- 
axial halves of the outer 180° or 270° of 
rachis from croziers which were actively 
uncoiling. In one experiment, 12 fronds 
were used, with the extracts being made 
up to a final volume of 1 ml of agar per 4 
gm fresh weight of tissue; in the other, 7 
fronds were used, with the extracts being 
made up to a final volume of 1 ml of agar 
per 3 gm fresh weight of tissue. The 
sections of croziers were slit longitudinally 
with a fragment of razor blade which had 
been dipped in 0-005 M potassium cyanide 
to minimize cut surface auxin inactiva- 
tion (see Steeves et al., 1953). After being 
weighed, the sections were washed in water 
to remove the cyanide, and extracted with 
ether as described above. The extracts 
were then assayed for auxin and the 
results are shown in Table 1. The quan- 
tities of auxin are expressed as degrees 
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TABLE 1 — ETHER EXTRACTABLE 


_ AUXIN FROM ADAXIAL AND ABAXIAL 


HALVES OF PORTIONS OF OUTER 
TURN OF UNCOILING CROZIERS 


EXPERI- DEGREES CURVATURE* PER CENT 
MENT r — DIFFER- 
Adaxial Abaxial ENCE 
region region 
1 24-8 21-1 14-8 
2 33-6 26-8 18:7 


*Values within upper limit of proportionality 
range of Avena test. 


Avena curvature. Itis clear that at least 
in these two cases, there existed a differ- 
ence in auxin content between the adaxial 
and abaxial regions, with the higher con- 
centration of auxin in the adaxial tissue. 
Thus, with differential growth, one does 
find a concomitant auxin differential. 

Before attempting an analysis of the 
relationship between auxin distribution 
and the uncoiling reaction, however, it is 
necessary to obtain a detailed picture of 
the various histological changes occurring 
during this process. As has been men- 
tioned above, differential cell division in 
the ground tissue plays a very important 
role in the process of coiling during crozier 
formation. It is, therefore, a matter 
of interest to determine whether the un- 
coiling reaction involves simply a reversal 
of the cell division differential found during 
coiling, or whether differential cell elonga- 
tion plays a major role, since only during 
and subsequent to uncoiling do the cells 
of the ground tissue of the rachis elongate 
substantially above a length of 20 microns 
( Briggs & Steeves, 1958). If differential 
cell division is an important factor, 
the role of an auxin differential as a di- 
rect causal agent becomes far less obvious 
than if differential cell elongation alone 
is involved. 

THE RELATIVE ROLES OF CELL DIVISION 
AND CELL ELONGATION IN THE UNCOILING 
Process — Strong evidence for the parti- 
cipation of differential cell division in the 
uncoiling process may be obtained by 
measurement of the lengths of cells of the 
ground tissue in both dormant and mature 
fronds. It has already been determined 
that in the dormant crozier, the cells of the 
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adaxial and abaxial ground tissue are of 
approximately the same length. However, 
direct measurements, made on photo- 
graphs of approximately median longi- 
tudinal sections of whole dormant croziers, 
indicate that a row of cells in the abaxial 
ground tissue, 10 cells in from the epi- 
dermis, is usually about twice as long as a 
comparable row in the adaxial ground 
tissue. Thus, since the individual cells of 
both regions have the same length, there 
must be approximately twice as many 
cells along a given linear row in the 
abaxial cortex as in a comparable row in 
the adaxial cortex. 

Following uncoiling, these two regions 
are of approximately the same length. If 
there is no difference in the amount of cell 
division between the two regions, one 
would expect the component cells of the 
adaxial ground tissue to be about twice as 
long as those of the abaxial, since there 
would still beonly half as many cells in the 
former region as in the latter. However, 
measurements of cell lengths in these two 
regions at various levels in mature fronds 
showed no such differential. Results of 
such counts, from 3 mature fronds, shown 
in Table 2, reveal that the cells of the 
adaxial and abaxial ground tissues are of 
essentially thesame length. Only one such 
pair of measurements ( Ist cm above leaf 
base, frond 3 ) shows a differential of more 
than 15 per cent away from a ratio of 1-0. 
If cellular elongation alone accounted for 
uncoiling, the ratio should actually be 
0-5. Thus, differential cell division must 
be involved in the uncoiling process. Even 


TABLE 2 - RATIOS OF CELL LENGTHS 
IN MICRONS, ABAXIAL TO ADAXIAL, 
OF GROUND TISSUE IN VARIOUS 
REGIONS OF MATURE FRONDS 


FROND NUMBER 
Aa 


REGION OF FROND 


lex en 
1 2 3 

First cm above leaf 0-97 1:10 0:82 
base 

First cm below basal 0:99 — 0:88 
pinna pair 

Cm including 10th 1:00 0:93 0-87 
pinna pair 

Cm including 18th 0:96 


pinna pair 
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in frond 3, where the abaxial cell sizes are 
consistently smaller than adaxial, and 
there is a suggestion of differential cellular 
elongation, the differences are not nearly 
enough to account for uncoiling. 

It seemed possible that measurements 
of the lengths of cells of the ground tissue, 
adaxially and abaxially, of various regions 
of croziers in different stages of develop- 
ment might provide an indication of the 
location and magnitude of the predicted 
differential in cell division frequencies. 
Thus, since the length of the cells in both 
regions is the same in the dormant frond, 
one would expect the cells of the tissue 
with the higher cell division frequency to 
be substantially shorter, on the average, 
than those on the opposite side, just 
before and during uncoiling. The results 
of a series of such cell length measure- 
ments, expressed as ratios, are shown in 
Table 3. In the dormant frond, as men- 
tioned above, the cells of the adaxial 
ground tissue have roughly the same size 
as those of the abaxial. However, during 
crozier elevation and the onset of uncoiling 
there is a significant difference in cell 
length between the two regions, in most 
cases, with the adaxial cells shorter than 
the abaxial, at least in the first 90° seg- 
ment. This differential in cell size does 
not involve a reduction in the length of 
cells in the adaxial region. Rather, as 
limited elongation extends into the crozier, 
a greater frequency of cell division in the 


TABLE 3 -— RATIOS OF CELL LENGTHS 

IN MICRONS, ABAXIAL TO ADAXIAL, 

FROM GROUND TISSUE OF CROZIERS 
IN VARIOUS STAGES OF 


DEVELOPMENT 
STAGE OF  FROND REGION OF CROZIER 

DEVELOP- NUMBER / re So 
MENT LORS TETE TER 
90° 90° 90° 90° 

5 1 117 116 — = 
Dormant 0 1:03 10008 LION 
(3 1:02 — — = 

Crozier eleva- | : ene oe zu a 
tion, onset of 4 6 ee Be a er 
Aue | : den >. = 
uncoiling |7 1107008 > + 
3 L8 Ute, 9 inet} — = 
Rapidly un- f 9 0-92 1:39 1:38° 1-08 
coiling \10 1:29 71.4322 141372.0:96 
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adaxial ground tissue apparently prevents 
the cells in this region from attaining the 
same average size as those in the abaxial 
region. In rapidly uncoiling fronds, more 
complete measurements indicate that this 
differential is not found throughout the 
outer turn, but is largely confined to the 
first 270°. It does not extend into the 
fourth 90° segment in either case ex- 
amined, suggesting that differential cell 
division during uncoiling is confined just 
to that part of the rachis in which the _ 
process is imminent. In both cases, the 
ratio in the first 90° is lower than that in 
the second, suggesting that in the first 
90°, the cell lengths are becoming equalized 
as might be expected in the region which 
is actually uncoiling. 

It should be pointed out that a ratio of 
2:0 would have implied that all of the cell 
division involved in equalizing the dif- 
ferential in cell number established during 
coiling had occurred before any actual 
uncoiling or cell elongation took place. 
However, since the ratio was well below 
2-0, it is clear that although differential 
cell division took place to a considerable 
extent before uncoiling actually occurred, 
the two processes overlapped in time and 
position in the rachis. Moreover, direct 
evidence of cell division may be found 
throughout the ground tissue of the rachis, 
associated with crozier enlargement. The 
differential in cell size, adaxially and 
abaxially, is the result, therefore, of a 
difference in cell division frequency be- 
tween the two regions, rather than a res- 
triction of cell division to the adaxial 
region only. In view of these considera- 
tions, it is somewhat surprising that the 
cell size ratios were as large as they were. 

Since the measurement of cell lengths 
involves subjective judgement to a certain 
degree, two other techniques were applied 
in attempting to verify the existence of 
the cell division differential. First, photo- 
graphs were made of median longitudinal 
sections of the various regions of un- 
coiling croziers considered above, and 
counts were made of the actual numbers of 
cells per unit distance along linear rows 
in the adaxial and abaxial ground tissue. 
Such a section, in this case, from the first 
90° segment, is illustrated in Fig. 4. 
Linear rows of cells are plainly visible, 
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that there are more divisions 


| outer 270°. 


and on such a photograph, unit distances 


‚could easily be measured with a plani- 


meter. The results obtained from such 
counts present a picture similar to that 
obtained from the cell measurement data. 
In the dormant frond, there are approxi- 
mately the same number of cells per unit 
distance in adaxial and abaxial ground 
tissues, while in rapidly uncoiling croziers, 
the number of cells per unit distance is 
significantly larger in the adaxial region. 


furthermore, the ratios of cell lengths, 


calculated by this method, are similar to 
those obtained from cell length measure- 
ments, and the differential is confined to 


| the outer 270° as before. 


Finally, actual counts of cell division 
figures in these various regions of the 


ground tissue, made from prepared sec- 


tions of rapidly uncoiling croziers, indicate 
in the 
adaxial region than in the abaxial. Again, 
a differential could only be found in the 
Furthermore, divisions were 
only rarely found in the outer 90°, sug- 
gesting that by the time a segment of 
rachis reaches this position, cell division 
has essentially ceased, and the cell lengths 
are becoming equalized during actual 
uncoiling. 

THE EXTENSION OF CELLULAR ELONGA- 
TION INTO THE CROZIER, AND THE ONSET 
OF UNCOILING — A peculiar feature of the 


| development of fronds of O. cinnamomea 


during their fifth and final growing season 
is the delay in the onset of uncoiling such 
that a distinct crozier elevation phase is 
invariably present. As was pointed out 


above, during crozier elevation and the 


earliest stages of uncoiling, there develops 
a distinct differential in cell length between 
adaxial and abaxial ground tissues. Ina 


previous paper in this journal ( Briggs & 


Steeves, 1958) it was pointed out that 
there are two distinct levels of cell size in 


the ground tissue during the development 


of the vegetative frond ( disregarding the 
leaf base). The first of these centers about 
approximately 16-20 micra, during the 
early stages of leaf ontogeny and subse- 
quent crozier formation. The second, 
found in the mature frond, averages about 
140 micra. The enlargement of cells at 
the first level begins in the region of rachis 
below the crozier, during crozier elevation, 
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and gradually extends into the outer por- 
tion of the crozier as development pro- 
ceeds. As was mentioned earlier, there 
must be physiological changes which 
occur in the cells of the ground tissue that 
make them competent to elongate to more 
than seven times their initial length. 

It seemed possible that the extension 
of cellular elongation into the outer half 
turn of the crozier might be associated di- 
rectly with the onset of uncoiling. In order 
to determine the relationship between these 
two phenomena, a series of measurements 
was made of the lengths of cells in the first 
and second 90° of croziers in various 
stages of development. Values from 
adaxial and abaxial regions were ave- 
raged, and the results are shown in Table 
4. During crozier elevation there was a 
small increase in cell length in the outer 
portion of the crozier, correlated with the 
development of the differential in cell 
length in the adaxial and abaxial regions, 
However, with the first stages of uncoiling, 
the extension of cellular elongation into 
this region became pronounced, and by 
the time that the fronds were uncoiling 
at their maximum rates, the increase in 
cell size was considerable. On fronds 6, 
7, 8 and 9, in Table 4, actual measure- 
ments of the rates of uncoiling were main- 
tained, so that average cell lengths could 
be determined either just as the fronds 


TABLE 4— AVERAGE CELL LENGTHS 
IN GROUND TISSUE OF FIRST AND 
SECOND 90° OF CROZIERS IN VARIOUS 
STAGES OF DEVELOPMENT 


STAGES OF FROND REGION OF 
DEVELOPMENT NUMBER CROZIER 
EEE 
1st 90° 2nd 90° 
Dormant oe ir 
3 23-3 — 
Crozier elevation + 22-8 — 
5 22-4 — 
Onset of uncoiling 5 362 se 
( 8 46:6 31-8 
ed 45-4 33-6 
J 10 45-8 34-8 
Rapid uncoiling 11 43-5 39-5 
| 12 47-2 41-2 
| 13 48-2 41-6 
(14 51-5 48-1 


—_— — — — vn 
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had begun to uncoil (fronds 6 and 7), or 
after the acceleration of uncoiling had 
occurred (fronds 8 and 9). The correla- 
tion of the onset of uncoiling with the 
projection of extensive cellular elongation 
into the crozier was rather striking, and 
could be observed in both the first and 
second 90° segments. Thus, as limited 
cell elongation extends into the crozier 
during crozier elevation, the crozier ap- 
pears to become “ primed ” to uncoil by 
differential cell division, but begins un- 
coiling only with continued increase in cel- 
lular elongation. Moreover, acceleration 
of uncoiling coincides with a further in- 
crease in cell size in the outer half turn 
of the crozier. Throughout the remainder 
of uncoiling, the cell size is maintained at 
this somewhat higher level. Uncoiling 
itself involves a tissue, composed of 
smaller cells, elongating more rapidly 
than a tissue composed of somewhat 
larger cells. As uncoiling progresses, an 
acropetal wave of differential cell division 
continues to “ prime ”” the rachis to uncoil 
until all of it is straight. 

THE IMPORTANCE OF THE PINNAE IN THE 
UNCOILING PRocEss — Although the cel- 
lular changes involved in crozier uncoiling 
have now been considered in some detail, 
the problem of the role of the diffusible 
auxin produced by the pinnae requires 
further investigation. It has been sug- 
gested above that the extension of elonga- 
tion into the crozier is directly correlated 
with the initiation of uncoiling and sub- 
sequent extensive elongation below the 
crozier, in the absence of any significant 
change in the amount of diffusible auxin 
available. Nevertheless, there does exist 
a slight auxin differential during uncoiling, 
and it becomes important to determine 
whether or not this differential plays a 
causal role. 

As a first approach to the problem of 
the role of the pinnae, and the diffusible 
auxin which they are known to produce, 
upon the mechanism of uncoiling, a series 
of experiments was done in which various 
numbers of pinnae were removed from 
uncoiling fronds on which there were as 
yet no pinnae set off below the crozier. 
The first of these experiments was done by 
excising all laminar tissue from a number 
of developing fronds. All pinnae includ- 
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ing the terminal could be removed easily 
with a sharp knife or forceps without 
excessive damage to the rachis. These 
excisions were done 11 times in total, and, 
with one exception, only a slight uncoiling 
(30° to 180°) of the naked rachis took 
place. This uncoiling occurred during 
the first 36 hours at most, following the 
operation, and subsequently all activity 
ceased. 

It might be argued that removal cf the 
pinnae caused some sort of traumatic 
shock to the rachis which prevented fur- 
ther development, or that the bare rachis 
simply underwent excessive dessication 
such that the tissues died within a rela- 
tively short time following excision. These 
possibilities were eliminated, however, by 
a series of experiments in which large 
numbers of pinnae were removed, but the 
terminal pinna and several subjacent 
pairs were left intact. In these experi- 
ments, the pinnae removed represented 
between two-thirds and three-fourths of 
the total weight of laminar tissue on the 
fronds. Of a total of 17 fronds treated 
as described, seven did not survive for 
more than two or three days. However, 
the remaining 10 uncoiled completely. 

That the terminal pinna, or group of 
pinnae, have no special significance in 
themselves is indicated by several experi- 
ments in which the most apical 180° to 
270° of rachis with attached pinnae were 
removed, without marked influence on un- 
coiling. The expanded fronds in these 
cases simply lacked a terminal pinna anda 
few subjacent pairs. It is apparent from 
the above series of experiments that the 
presence of pinnae on the crozier is abso- 
lutely essential to the normal course of 
uncoiling. However, more pinnae are 
normally present than are necessary for 
uncoiling, since the process can occur in 
the absence of up to three-fourths of the 
total laminar tissue by weight. 

The information presented above makes 
possible an interpretation of the single 
excision experiment in which uncoiling 
occurred apparently in the total absence 
of pinnae. The experiment in question 
was performed early in the series, and it 
seems possible that a small amount of 
laminar tissue may have been left on the 
rachis and subsequently overlooked. 
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With the role of the pinnae in uncoiling 
“now established, it becomes important to 
determine what the pinnae contribute to 
the rachis which promotes the reaction. 
The most likely possibility seemed to be 
the diffusible auxin which the pinnae 
produce, but photosynthetic products or 
other substances had by no means been 
eliminated. Therefore, all laminar tissue 
was excised from a series of croziers, and a 
ring of lanolin containing indole-3-acetic 
acid was applied around the naked rachis 
about a full turn into the crozier. Of the 
5 fronds so treated, all uncoiled completely 
below the auxin-lanolin ring, demonstrat- 
ing conclusively that the influence of the 
pinnae could be completely replaced by 
artificially applied auxin. Controls to 
which lanolin alone was applied did not 
uncoil. The contribution of the pinnae 
to the uncoiling process is clearly the dif- 
fusible auxin which they produce. In 
view of the fact that auxin transport in 
the rachis is known to the polar ( Steeves 
| & Briggs, 1959), auxin is further impli- 
cated in uncoiling by the fact that only 
that part of the rachis which was below 
the applied auxin uncoiled. 


Discussion 


_ The rather scanty literature on the 
coiling and uncoiling of fern leaves has 
been previously reviewed (Steeves & 
Briggs, 1958). As far as could be deter- 
mined, there has been no analysis of these 
differential growth phenomena at the 
cellular level. It has been shown in the 
paper cited above that differential cell 
division is of major importance in crozier 
formation. It is, therefore, not surprising 
that differential cell division, this time 
greater adaxially than abaxially, sets the 
stage for uncoiling. Subsequently, greater 
elongation of the adaxial tissue, now com- 
posed of smaller cells, than of the abaxial 
accomplishes the necessary differential 
growth. Thus, the original difference in 
cell number between these two regions of 
the ground tissue is essentially compen- 
sated for during uncoiling, such that in 
the mature frond, cell lengths are the 
same in both regions, but the rachis is 
now straight. This type of differential 
elongation is in sharp contrast to that 
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of an Avena coleoptile, responding to a 
tropic stimulus or to unilaterally applied 
auxin. In the coleoptile, there is the 
same number of cells of equal length on 
either side at the start of the develop- 
ment of curvature, and there is no 
cell division during bending (Avery & 
Burkholder, 1936). In Avena, differen- 
tial cellular elongation appears to be the 
only important factor in the unequal 
growth which results in curvature. 

Uncoiling appears to be a phenomenon 
inherent in the leaf, and not a tropic 
response. In the present study, the 
gravitational stimulus could be removed 
without effect upon uncoiling. Prankerd 
(1922) noted that uncoiling of develop- 
ing leaves of the fern Asplenium bulbi- 
ferum is a phenomenon independent of 
both light and gravity. Later, Rawitscher 
(1932), in his extensive work on geo- 
tropism, reported that in some parti- 
cularly clear cases of hyponastic and 
epinastic development, such as the involu- 
tion of the inflorescence of Drosera, coiling 
and uncoiling of fronds of the fern Steno- 
chlaena scandens and uncoiling of the fruit 
stalk of Cyclamen, these processes were 
independent of any stimulating effect of 
light or gravity. 

The delayed uncoiling of croziers of 
O. cinnamomea provides an excellent 
example of the sequential nature of the 
events which occur during leaf develop- 
ment in this species. During the crozier 
elevation phase, unequal cell division rates 
result in a differential in cell size between 
the inner and outer regions of the outer 
turn of the crozier; but it is not until 
extensive cellular elongation, extending 
acropetally into the crozier from below, 
actually reaches the region of the dif- 
ferential, and the cells of both ground 
tissues begin to elongate, that uncoiling 
begins. Although a process distinct from 
rachis elongation, depending upon the 
previous inequalities brought about by 
cell division, uncoiling is associated with 
the wave of elongation progressing up 
from below for its expression, and, like 
rachis elongation, is dependent upon a 
supply of auxin from the pinnae. Crozier 
elevation, depending upon a delay in the 
onset of uncoiling during the final growing 
season, provides a much more efficient 
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mechanism for separating the tightly 
encasing cataphylls than would uncoiling. 
The former involves a force directed along 
the vertical axis of the leaf, whereas the 
latter would involve a transverse force, 
directed obliquely across a very short 
region of rather delicate tissue. 

The exact role of auxin in the uncoiling 
process is difficult to assess. Without ques- 
tion, auxin is essential for the elongation 
which actually accomplishes uncoiling. 
Removal of the pinnae removes the auxin 
source, and uncoiling ceases; but it may 
be recovered by the application of IAA. 
Earlier in this paper, an auxin differential 
in the outer one-half or three-fourths turn 
of crozier was described. There are two ob- 
vious ways in which this differential might 
be caused: the adaxial displacement of the 
auxin-producing pinnae, or the influence 
of gravity on the outer half turn. In 
addition, it is possible that some inherent 
characteristic of the rachis may be res- 
ponsible for the differential. For instance, 
differential cell division within the rachis 
might actually bring about a differential 
production of auxin, although this is un- 
likely, since it has been suggested else- 
where (Steeves & Briggs, 1959) that the 
rachis itself produces essentially no auxin. 
Also, the possibility remains that some 
structural feature of the rachis influences 
the localization of auxin on the adaxial 
side. Since at present it is not known 
which if any of these factors creates the 
differential, or, indeed, whether more 
than one phenomenon may be involved, 
the problem of evaluating the significance 
of the differential is a difficult one. Fur- 
thermore, there are two ways in which 
such a differential might be effective in 
uncoiling. It might be in some way res- 
ponsible for the cell division differential, 
or it might facilitate the additional elon- 
gation of the smaller cells of the adaxial 
ground tissue, which is essential for un- 
coiling. 

There are several lines of evidence which 
make it seem doubtful that an auxin dif- 
ferential is an important contributing 
factor in the unequal growth associated 
with uncoiling. Firstly, the two most 
obvious possible causes for the differential 
have been removed individually, without 
affecting the ability of the rachis to uncoil. 
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A unidirectional gravitational stimulus || 
has been eliminated from consideration || 
Also, a crozier || 
from which all pinnae have been removed ||}! 


by the use of a clinostat. 


will uncoil readily if auxin is applied 
externally. The auxin need not be ap- 


plied along the adaxial margins of the | 


rachis in a position comparable to that of 
the pinnae, but is completely effective 


when applied in a ring encircling the rachis. \ | 


Thus a possible differential brought about 


by the position of the pinnae may be eli- — | 


minated without effect upon uncoiling. 


An analysis of the processes involved in | 


both hook and crozier formation, at 


earlier stages in the development of the N 
leaf, provides indirect evidence bearing | 


upon the significance of the auxin differen- 
tial. It should be recalled that these two 
processes involve differential cell division, 
but in the reverse relationship to that 
which is involved in uncoiling. The leaf 
apex is curved through about 90° toward 
the shoot apex, almost from the inception 
of the primordium. During the first three 
growing seasons, while the hook is main- 
tained, no pinnae are present, and unpub- 
lished observations have indicated a lack 
of diffusible auxin in measurable quan- 
tities. Therefore, it seems unlikely that 
an auxin differential is associated with the 
differential cell division responsible for 
hook formation. During the fourth grow- 
ing season, there is an acceleration of leaf 
apical growth, and a crozier is formed by 
a continuation of the same processes which 
led to hook formation. At this time, 
pinnae are initiated, and it can be de- 
monstrated that the leaf contains mea- 
surable quantities of diffusible auxin 
( unpublished results). Thus the change 
in auxin relationships between hook for- 
mation and crozier formation seems to 
have no effect on the fundamental pattern 
of cell division. Furthermore, there is no 
reason to believe that the auxin relation- 
ships in the crozier at this time differ 
fundamentally from those which pertain 
during the fifth growing season. Yet the 
cell division differential is reversed. It is 
interesting to note that the leaf apex, at 
which coiling is initiated, passes through 
all possible vertical angles with relation 
to gravity, without apparent geotropic 
effect. 
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Finally, it has been shown that far more 
“auxin is normally present than is necessary 
for uncoiling to go to completion, since the 
removal of a large percentage of the auxin- 
producing pinnae has no apparent effect 
upon the process. Thus it seems probable 
that growth in the abaxial region is not 
limited by a lack of available auxin. 
Rather, a differential competence of the 
two adjacent regions to elongate in res- 
ponse to auxin available in excess to both 
seems the most probable cause for the dif- 
ferential growth. Since auxin is appa- 
rently present in such excess, it is hardly 
likely that the small differential described 
previously is of any functional signifi- 
cance either in the differential cell division 
which sets the stage for uncoiling or in the 
‘subsequent differential elongation which 
brings it about. 

In the Osmunda leaf, uncoiling is de- 
pendent upon the extension of cellular 
elongation into the outer half turn of 
the crozier. It is being shown elsewhere 
(Steeves & Briggs, 1959 ) that during this 

| crozier elevation, the pinnae are producing 
considerable amounts of diffusible auxin, 
but the crozier does not uncoil, although 
the rachis below is undergoing extensive 
elongation. It should be pointed out that 
during this phase of development, the 
lowermost pair of pinnae is well over 180° 
into the crozier, so that all of the auxin 

_which reaches the elongating rachis below 

the crozier must pass through this outer 

half turn without promoting cellular 
elongation. Therefore, auxin cannot be 
considered as limiting elongation. Before 
elongation extends into the crozier, the 
cells of the rachis below the crozier possess 
a competence to elongate; that is, an 
ability to respond to available auxin, 
while those within the crozier do not. 
The extension of cellular elongation into 
the crozier represents in reality the acqui- 
sition of competence to elongate by the 
cells of the outer half turn. 

The acquisition of competence to elon- 
gate is a process requiring further dis- 
cussion. The exact physiological changes 
which make the cells capable of respond- 
ing to auxin are not understood. Heyn 
(1940) has proposed a theory for the 
mechanism of auxin action involving an 
increase in the plasticity of the cell wall 


BRIGGS & STEEVES — MORPHOGENETIC STUDIES ON OSMUNDA 145 


followed by enlargement of the cell due to 
turgor pressure resulting from the de- 
creased wall pressure. More recently, 
Ordin, Cleland & Bonner (1957) have 
suggested a role for auxin in the incorpora- 
tion of methyl groups into the pectic 
fraction of the cell wall, and Glasziou 
(1957) has obtained evidence that a 
specific enzyme, pectin methylesterase, 
may be bound to the cell wall under the 
influence of auxin. He suggests that such 
a binding, 7m vivo, would favor methyla- 
tion of pectates in the cell wall, and hence 
increase cell wall plasticity. Apart from 
cell wall studies, other workers have 
suggested a direct effect of auxin upon the 
level of available high energy phosphate 
in the cell ( Marrè & Forti, 1958). They 
feel that auxin exerts a primary effect 
upon oxidative metabolism, rather than 
upon utilization of high energy phosphate 
during synthetic processes. It is not the 
purpose of the present paper to review the 
extensive literature on the mechanism of 
auxin action. However, it should be 
pointed out that in the presence of excess 
auxin, both of the above proposed mecha- 
nisms provide numerous steps which 
might be limiting cellular elongation, and 
hence affecting competence to elongate. 

Before any coiled portion of the rachis 
begins to uncoil, it is “ primed” by dif- 
ferential cell division so that the cells of 
the adaxial ground tissue are shorter in 
average length than those of the abaxial. 
It is evident that the smaller cells of the 
adaxial ground tissue possess a greater 
competence to elongate than those of the 
abaxial because they undergo a greater 
elongation. It may be presumed that the 
adaxial tissues elongate more extensively 
during uncoiling because the smaller cells 
elongate more rapidly and overtake the 
larger cells in the abaxial region. This 
view is supported by the elimination of the 
inequality in the outer 90° of actively 
uncoiling croziers. 

The fundamental cause both of crozier 
formation and of crozier uncoiling lies in 
differential cell division. Although one 
chemical factor, auxin, has been found to 
be essential to uncoiling, it participates at 
a relatively late stage, after an inequality 
in cell size has been established. There 
is at present no evidence available to 
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indicate what factors may bring about 
the differences in cell division frequency 
which account for the differential growth 
both in coiling and uncoiling. Thus a full 
understanding of these processes cannot 
be expected until factors controlling cell 
division in the rachis have been more 
fully explored. 
It should be emphasized that the his- 
tological studies reported in this paper 
have been confined to the behaviour of 
the ground tissue. The roles of the vas- 
cular strand and of the hypodermal 
sclerenchyma have not been considered. 
Although a good correlation has been 
found between the behaviour of the 
ground tissue cells and observed growth 
patterns, the development of the frond 
will not be fully clarified without an in- 
vestigation of these other tissues. 


Summary 


The underlying cause of leaf uncoiling 
in the fern Osmunda cinnamomea L. is dif- 
ferential cell division. In the dormant cro- 
zier, consisting of three or more full turns 
of rachis, the cells of both adaxial and 
abaxial ground tissue are of approximately 
the same length. Following a dormant 
period, the rachis below the crozier begins 
extensive elongation and a limited cellular 
elongation extends into the crozier. Si- 
multaneously, within the outer turn of the 
crozier, differential cell division brings about 
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a differential in cell size between adaxial 
and abaxial regions, with the smaller cells 
found in the former region. As cellular 
elongation gradually progresses into the 
crozier, the shorter cells of the adaxial 
region elongate more than the longer cells 
of the abaxial region, such that the ulti- 
mate cell size of these two areas of ground 
tissue is the same, and the crozier uncoils. 
Ether extractions reveal a somewhat 
higher auxin concentration in the adaxial 
half of the uncoiling crozier than in the 
abaxial. Possible causes for this auxin 
differential, including gravitational sti- 
mulus and adaxial displacement of the 
pinnae are considered. Although auxin 
is essential for the cellular elongation 
which is involved in uncoiling, it is 
extremely unlikely that the differential is 
of functional significance in this process. 
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ENEVIBROSEVULTURE OF OVULES OFSZEPHY KANTEHES 


R. C. SACHAR & MANJU KAPOOR 
Department of Botany, University of Delhi, Delhi 8, India 


The in vitro culture of ovules is a com- 
paratively recent development. In 1943, 
Withner made a preliminary report on 
the artificial culture of the ovules of 
some orchids. Earlier, LaRue ( 1942 ) at- 
tempted to culture the ovules of Erythro- 
nium and Antirrhinum on White’s basic 
medium supplemented with IAA, but they 
failed to mature and only produced a 
callus. Recently, Nirmala Maheshwari 
(1958) cultured the ovules of Papaver 
somniferum to maturity and even obtained 
germination 7m situ on Nitsch’s basic 
medium supplemented with kinetin and 
IAA. Ranga Swamy ( 1959 ) has achieved 
normal growth and differentiation of 
nucellar embryos by culturing the ovules 
of Citrus microcarpa. 


Material and Methods 


A species of Zephyranthes growing in the 
University Botanical Garden was chosen 
for the present study. 

Ovules of different ages were selected 
for culture: (a) those excised from ovaries 
in which pollination and fertilization had 
been prevented by emasculation and bag- 
ging the flower buds, and (b) ovules picked 
2-5 days after pollination. Whole ovaries 
removed two days after pollination were 
also cultured. 

The basic medium was prepared accord- 
ing to the formula used by Nitsch (1951) 
and 5 per cent sucrose was added to it. 
It was fortified with glycine (7-5 mg/l) 
and the following vitamins; niacin 


(1-25 mg/l); thiamine HCl (0-25 mg/l); 
pyridoxine HCl (0-25 mg/l) and calcium 
pantothenate (0-25 mg/l). The medium 
was gelled with 0-7 per cent agar. The 
pH was adjusted to 5-6-5-8. To stimulate 
growth kinetin was tried in conjunction 
with various growth substances such as 
IAA, 2,4-D, IBA and gibberellic acid.! 

The ovaries were surface sterilized in a 
10 per cent solution of calcium hypo- 
chlorite for 15 minutes and washed twice 
with sterile water. The ovules, attached 
to the placental tissue, were carefully 
dissected out and transferred to the 
culture tube. 

For each set of experiments, 96 cultures 
were maintained each containing 12-15 
ovules. These were kept at 25°C and 
regular fixations were made for histo- 
logical studies. The length and breadth 
of the ovules were taken as the index of 
their growth. For each experiment ten 
ovules were measured under a stereo- 
binocular and the standard deviation from 
the mean values was calculated. 


Observations 


DEVELOPMENT OF POLLINATED OVARIES 
AND OVULES in vivo — Pollination oc- 
curs on the day of anthesis and fertiliza- 
tion is effected 24-27 hours later. There is 
no appreciable increase in the size of the 

1. The gibberellic acid was obtained through 
the courtesy of Dr P. W. Brian, Imperial 
Chemical Industries Ltd, Welwyn, Herts, 
England, 
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ovules until the second day after polli- 
nation, but on the third day a marked 
acceleration in the growth rate occurs 
lasting up to the twelfth day. The growth 
pattern follows a sigmoid course. Six 
days after pollination, 50-55 per cent of 
the ovules abort but remain attached to 
the placenta even after dehiscence of the 
fruit. 

The maturation of the seeds, as indi- 
cated by the blackening of the seed coat, 
commences nine days after pollination 
and by the sixteenth day the seeds are 
fully ripe ( Fig. 6). Meanwhile, the three 
locules bulge out appreciably and 4-5 days 
later the fruit opens. The seeds germi- 
nate readily on moist filter paper. 

DEVELOPMENT OF  UNPOLLINATED 
OvuLES in vitro — Whereas in nature 
the ovules in unpollinated ovaries become 
completely shrivelled in about 4 days 
after emasculation, those excised and 
transferred to a culture medium con- 


Fics. 1-4 — Growth of unpollinated ovules 
(Nb, Nitsch’s basic medium; V, vitamins and 


glycine ). Fig. 1. Ten-day old ovules on NbV + 
kinetin (0-5 ppm) + IAA (2 ppm) + gibberel- 
lic acid (1 ppm). x 46. Fig. 2. 22-day old 
culture of seeds on NbV + kinetin (0-1 ppm) 
+ IAA (2 ppm) + gibberellic acid (5 ppm). 
x 3-4. Figs. 3, 4. 20 and 40-day old seeds res- 
pectively obtained in NbV + kinetin (1 ppm) 
+ (2 ppm) + gibberellic acid (5 ppm ). 
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tinued to grow ( Figs. 1-4, 28). In about 
three weeks the seed coat blackened and 
by the end of the fourth week the seeds 
matured completely. Different concen- 
trations of kinetin (0-05, 0-3, 0-4, 0-5 
ppm) with or without IAA (2 ppm) 
did not show any marked difference in 
the growth of the seeds, but if gibberellic 
acid was added, the growth was acceler- 
ated and larger seeds were produced ( see 
Sachar & Kapoor, 1958). However, the 
size of the seeds remained less than half 
of that obtained in nature. 

GROWTH OF POLLINATED OVULES 1” 
vitro — Oyules excised two days after 
pollination (Fig. 5) and cultured in distilled 
water gelled with agar, remained healthy 
only for a week and then dried up. 
This evidently implied that in spite of the 
stimulus of pollination and fertilization 
the nutrients already existing in the ovules 
were inadequate for further growth and 
development. A medium comprising 5 
per cent sucrose supported the growth of 
the ovules and nearly 40-45 per cent 
attained maturity. On the addition of 
Nitsch’s minerals to this medium about 
50 per cent of the ovules started maturing 
15 days after inoculation and within 
30 days all attained maturity. However, 
the size of the seeds obtained in cultures 
was smaller than that realized in nature 
(Fig. 28). Also, they took almost twice 
the time to mature and were a little more 
rounded as compared to the fan-shaped 
seeds obtained in vivo. 

When Nitsch’s basic medium was forti- 
fied with vitamins and glycine (NbV), 
there was a further improvement in the 
size of the seeds ( Fig. 7), although they 
still did not compare well with those in 
vivo ( Fig. 28 ). 

On supplying kinetin (0-5 ppm ) to the 
basic medium ( NbV ), the ovules showed 
no improvement in growth, their average 
size remained smaller and many of them 
even failed to mature (Fig. 28). 

Ovules (2 and 4 days after pollina- 
tion ) cultured on a medium containing 
kinetin (0-1 ppm) and IAA (4 ppm) 
blackened and presented a bulged ap- 
pearance ( Figs. 10, 13, 14). The size of 
the seeds remained unaltered with dif- 
ferent concentrations of kinetin ( 0-3, 0-4, 
0:6 ppm) administered in combination 


Fig. 5. Ovules at inoculation (2 days after polli- 


fies. 5-12 — Growth of pollinated ovules. 


nation ). 5. Fig. 6. A two-week old mature seed in vıvo. 5. Fig. 7. Four-week old culture 
of seeds on NbV. 6. Fig. 8. Four-week old seeds from NbV kinetin ( 0-5 ppm ) IBA (2 ppm ) 
medium. % 4. Fig. 9. Seeds having irregular shapes. These were cultured on NbV kinetin 
(0-5 ppm) 2,4-D (10 ppm) for two weeks. x 4. Fig. 10. A cluster of two-week old ovules, 
three of them have already blackened. The medium was NbV kinetin (0-1 ppm) IAA (4 
ppm ). 11. Figs. 11, 12. Four-week old seeds from NbV kinetin (0-5 ppm ) IAA (4 ppm) 

gibberellic acid (5 ppm). In Fig. 12 the seeds show germination Pig, bl. 14, Bigs 12. 
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Fics. 21-25 — Histological details of ovules. Fig. 21. L.s. upper half of ovule at the time of 
inoculation, showing the zygote (two days after pollination ). 433. Fig. 22. 11-day old dif- 
ferentiated embryo from a field control. x 54. Fig. 23. Four-week old embryos from NbV + 
kinetin (0-5 ppm) + IBA (2 ppm) medium. x 54. Figs. 24, 25. Four-week old embryos from 
NbV + kinetin (0-5 ppm) + 2, 4-D (10 ppm) without and with the development of the endosperm 
tissues rig. 24. 83. Fig. 25. X 36. 


Fics. 13-20 — Growth of excised ovules and ovaries. Figs. 13, 14. Ovules inoculated three 
days after pollination on NbV + kinetin (0-1 ppm) IAA (4 ppm) showing 10 and 28 days’ 
growth respectively. X 2'2. Figs. 15, 16. Ovules cultured four days after pollination on NbV 
kinetin (0-5 ppm) + IAA (5 ppm) + gibberellic acid (5 ppm) for 10 and 28 days respectively. 
x 2:2. Figs. 17, 18. Ovaries cultured on NbV and NbV kinetin (0-05 ppm ) IAA (2 ppm) 
respectively for three weeks; note the in situ germination of seeds. 1. Figs. 19, 20. Four-week 
old seedlings from cultures in Figs. 17 and 18 respectively. x 8'8. 
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with IAA (2 ppm). Increased concen- 
trations of both kinetin and IAA retarded 
the growth of the ovules, although finally 
they did attain maturity. The placental 
tissue never proliferated in any of the 
cultures. 

Kinetin (0-5 ppm) in conjunction with 
2,4-D (2 ppm) considerably delayed the 
blackening of the seeds which also showed 
a marked variation in size. The seeds 
which attained maturity were consider- 
ably swollen and presented a distorted 
appearance. The placental tissue re- 
mained healthy, but no proliferation 
occurred. Kinetin (0-5 ppm) and 2, 4-D 
(10 ppm) gave similar results ( Fig. 9), 
except that the average size of the seeds 
was larger than that in the previous 
medium. 

In kinetin ( 0:5 ppm ) and IBA (2 ppm) 
medium the time taken for maturity was 
nearly 4 weeks ( Figs. 8, 28), but the 
seeds were of normal shape. 

Ovules excised 4 and 5 days after polli- 
nation were cultured on NbV + kinetin 
(0-5 ppm) + IAA (4 ppm) + gibberellic 
acids, (3-5 anda) ppm) (Figs 123): 
Figures 15 and 16 illustrate the growth of 
ovules in 5 ppm of gibberellic acid. The 
larger size of the seeds is due to the greater 
initial size of the ovules in the 5-day old 
ovaries. 

In some cultures the seeds germinated 
in situ (Fig. 12). Further experiments 
showed that germination of seeds could 
be obtained even on the basic medium, 
provided the ovules were excised 4-5 days 
after pollination. 

GROWTH RESPONSE OF OVARIES im 
vitro — Pollinated ovaries cultured in 
NbV grew rapidly and showed mature 
seeds at the end of two weeks. This 
compared favourably with the time re- 
quired for the maturation of seeds in vivo. 
The size of the seeds was much larger 
than that attained in ovule culture ( Figs. 
28, 29) but slightly smaller than in 
nature. The addition of kinetin and 
IAA to the basic medium reduced the 
seed size ( Fig. 29). On the basic medium 
the seeds started germinating while 
still within the fruit (Fig. 17). How- 
ever, germination became apparent only 
after the shoots had emerged through the 
fruit wall. The roots grew vigorously 
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and penetrated the medium, some- 


times through the pedicel. Some seeds be- 
came detached from the placenta but 
germinated normally. 


On NbV + kinetin 


_ 27. 


Fics. 26, 27 — Development of seed coat ( oi, 
outer integument). Fig. 26. L.s. seed coat of 
two-week old seed in vivo. x 113. Fig. 27. L.s. 
seed coat of unpollinated ovule cultured on NbV 
+ kinetin (0-4 ppm) + IAA (2 ppm) for two 
weeks. x 108. 
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(0-05 ppm) + IAA (2 ppm) medium, 
growth was slower as compared to that 
in the control cultures (Fig. 18). The 
seedlings were later detached from the 
placentae and the fruit wall and trans- 
ferred to sand cultures (Figs. 19, 20). 
The control cultures continued to grow, 
whereas in NbV + kinetin + IAA the 
growth was considerably inhibited. When 
transferred to soil they caught up after 
two months and grew as vigorously as the 
seedlings from control cultures. 
DEVELOPMENT OF EMBRYO AND ENDO- 
SPERM IN OVULES RAISED in vitro — 
Deviation from the normal morphogenetic 
pattern of the embryo, an inhibition of the 
endosperm tissue and the inner integu- 
ment, or complete abortion of the ovule 
are some of the manifestations of the 
artificial environment. About 96 per cent 
of the ovules, cultured two days after 


8 
a 
© a 
N 
7 > <x 
> v4 < 
= ef S 
z 6 O = a 
fre CE Ia a a 
n = a m 
le) ay O 
u 3 : 
ul % O z 
u m ra 
O > > x 
ae 2 x = 
+ 4 = « A 
a 2 > 72 
Pr z 2 
2 z 
ao 
3 
a ; 
a “ 
« 
I 2 
+ 
Oo 
Z 
Lu 
= 


POLLINATED OVULES 


Tic. 28-— A diagrammatic representation of 


unpollinated ovaries, over a period of 4 weeks. 
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NbV, KINETIN O-SPPM , IBA 2PPM 
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pollination still showed a zygote ( Fig. 21 ) 
and a primary endosperm nucleus, while 
the rest contained 4-8 endosperm nuclei 
and a two-celled proembryo. Ovules in- 
oculated on plain agar showed no division 
of the zygote or the primary endosperm 
nucleus. If 5 per cent sucrose was added, 
divisions proceeded in the zygote but 
without corresponding divisions of the 
endosperm nucleus. Globular and late 
globular proembryos were observed in 
15-20 per cent of the ovules after which 
they degenerated. Even in ovules cul- 
tured on Nitsch’s basic medium with or 
without vitamins, the embryo failed to 
differentiate ( Fig. 24). 

Addition of kinetin showed no improve- 
ment over the previous media. When 
kinetin (0-4 ppm) was used in combina- 
tion with IAA (2 ppm), endosperm 
developed in at least 30 per cent of the 


NbV, KINETIN O-5 PPM, 2,4-DIO PPM 


IN Vivo 
NbV, KINETIN O-SPPM , AA 2PPM, GA | PPM 


NbV, KINETIN O-SPPM , IAA2 PPM,GASPPM 


NbV, KINETIN O:5PPM, IAA2PPM 


CONTROL 


NONPOLLINATED OVULES 


erowth of ovules, excised from pollinated and 
g 
The initial length and breadth at inoculation 1S 


delimited by a horizontal line in the histograms. 
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SEED GROWTH IN 
CULTURED OVARIES 


Fic. 29 — Growth of ovules from pollinated 
ovaries cultured in NbV and NbV -- kinetin 
(0:05 ppm )+ IAA (2 ppm). 


ovules but these 
embryo. 

When 2,4-D (2 ppm) was added to 
NbV + kinetin (0-5 ppm) medium, the 
embryo grew normally up to the late 
globular stage and was accompanied by 
endosperm whose nuclei showed a ten- 


did not show any 
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dency to aggregate. A higher dosage of 
2,4-D (10 ppm) caused heavy sterility. 
However, a few ovules developed both 
endosperm and embryo ( Figs. 24, 25). 
The latter remained active for a longer 
duration producing more cells than on the 
basic medium but failed to show normal 
differentiation. 

In NbV + kinetin (0-5 ppm) + IBA 
(2 ppm) medium the endosperm tissue 
did not develop, but the embryo grew 
up to the late globular stage ( Fig. 23 ). 


An important fact emerging from aid | 


observations is that the embryo could 


develop up to the globular stage in seeds | 


reared at the zygote stage. If ovules, 
excised 4-5 days after pollination, con- 


taining a young globular proembryo and \ 


a free nuclear endosperm were cultured, 
the results were more encouraging. In 
these the embryo differentiated normally 
and the condition was comparable to that 
in vivo (Fig. 22). 
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GROWTH RESPONSE OF UNFERTILIZED 


OVULES — Ovules from unpollinated ova- 
ries were also cultured in NbV and in 
media containing varying concentrations 
of kinetin, IAA, IBA and gibberellic acid. 
Neither the egg nor the polar fusion 
nucleus divided. In nature the egg and 
the secondary nucleus degenerated four 
days after emasculation. In culture both 
of them persisted for two weeks but later 
shrivelled up. Finally, all the structures 
internal to outer integument degenerated. 

DEVELOPMENT OF SEED COAT in vitro 
— The development of the seed coat fol- 
lowed the same pattern in all the media 
and in pollinated as well as unpollinated 
ovules ( Figs. 26, 27). At the stage of 
inoculation, the inner integument was 
two layered and the outer 4-6 layered. 
During maturation the cells of the inner 
integument persist at the micropylar end 
while the remaining layers are crushed 
and absorbed. The outer integument 
becomes 14-16 layered and the outer- 
most layer gets filled with black pigment. 
The cells of the hypostase did not develop 
the usual thickenings. 


Summary and Conclusion 


The present investigation deals with 
in vitro growth of the ovules of Zephy- 


de) ss 


1959 ] 


ranthes, with special reference to the 
influence of kinetin in conjunction with 
IAA, IBA, 2,4-D and gibberellic acid. 
The seeds followed a similar growth 
pattern in all the media except in a 
kinetin + 2,4-D medium in which they 
showed irregular growth. In all the 
cultures the seeds took nearly twice the 
time to mature than in nature and their 
size was only about half of that obtained 
in nature. When ovules from unpol- 
linated ovaries were cultured, blackening 
of the seed coat occurred as in the pollinat- 
ed ones but there was no embryo or en- 
dosperm. 

In control cultures the ovules excised 
at the zygote stage with undivided pri- 
mary endosperm nucleus (2 days after 
pollination ) grew up to the formation of a 
late globular embryo, but the endosperm 


_was inhibited. Two distinct phases are 


recognized in the development of the 
embryo. In the first, the growth is con- 
tinued as a result of meristematic activity 
resulting in a globular mass of cells. The 
second phase marks the beginning of dif- 
ferentiation of its various parts. The 
first phase appears to be independent 
of the endosperm in the culture medium, 


\ but the second was never seen in the 


_ absence of endosperm. The failure of 
embryo to differentiate in the absence of 
the endosperm strongly emphasizes the 
significance of the latter in providing a 
\morphogenetic factor rather than merely 
acting as a donor of food stuffs (see 
Van Overbeek et al., 1942; Luckwill, 
1948; White, 1951). In order to sub- 
stitute for the endosperm during the 
second phase of embryo development, 
several growth substances like kinetin, 
IAA, IBA, 2,4-D and gibberellic acid were 
added to the basic nutrient medium, but 
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so far all these attempts have been un- 
successful. If, however, the ovules were 
excised at globular stage of the embryo 
and free nuclear endosperm, normal dif- 
ferentiation of the embryo occurred in 
cultures and the seeds germinated in situ. 

Ovaries excised two days after polli- 
nation contained ovules at the zygote 
stage and with undivided primary endo- 
sperm nucleus. The ovaries matured into 
fruits but these were slightly smaller than 
those in vivo (see Sachar & Kapoor, 1959). 
The important feature, however, is the 
maturation of the seeds with fully dif- 
ferentiated embryos even on Nitsch’s 
basic medium with vitamins and glycine. 
This nutrient medium was inadequate if 
ovules were inoculated at the zygote 
stage. The above findings indicate that 
the ovary wall contributes certain sub- 
stances which are essential for the normal 
differentiation of the embryo. With kine- 
tin and IAA, the growth of the seedlings 
slightly slowed down and they were 
smaller than in the control cultures. 
However, the two sets grew alike when 
the seedlings were transferred to the 
soil. 

The influence of growth substances was 
also studied on the unfertilized ovules. 
In nature emasculated ovaries shrivel and 
wither away on the fourth day, but ovules 
grown in vitro remained healthy for nearly 
15 days after which the egg and the polar 
fusion nucleus degenerated. The growth 
of the inner integument and the nucellus 
is also arrested at an early stage. Only 
the outer integument increases by cell en- 
largement and cell division. 

We are grateful to Professor P. Mahesh- 
wari under whose guidance this research 
was conducted. Thanks are also due to 
Dr B. M. Johri for his interest. 
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DEVELOPMENT OF THE NON-ARTICULATED LATICIFER 
IN PROLIFERATED EMBRYOS OF EUPHORBIA 
MARGINATA PURSH 


P. G. MAHLBERG 
Department of Biological Sciences, University of Pittsburgh, Pittsburgh, Pennsylvania, U.S.A. 


The non-articulated laticifers according 
to the classical investigations of Chau- 
veaud (1891) and Schmalhausen (1877) 
were described as very elongated cells. 
The specific cells which differentiate into 
laticifer initials became distinguishable in 
the embryo during the development of the 
cotyledons. During subsequent growth of 
the plant each laticifer was observed by 
these investigators to penetrate intrusively 
between the adjacent cells into various 
organs of the plant body. In certain 
genera (Euphorbia, Asclepias) the non- 
articulated laticifer cell was observed to 
become profusely branched during its 
growth; in other genera ( Vinca, Cannabis ) 
branching was not observed. 

Treub ( 1879, 1880 ) observed that each 
nonarticulated laticifer contained nume- 
rous nuclei within the cytoplasm distri- 
buted along the length of the elongated 
cell. According to Treub, the multi- 
nucleated condition of the laticifer ori- 
ginated by repeated nuclear division 
without the formation of cell walls, a 
phenomenon verified by Mahlberg ( 1959 ). 

Recently Milanez ( 1952a, 1952b, 1953, 
1954) and Milanez & Neto (1956) re- 
investigated the ontogeny of the non- 
articulated laticifer in two generic re- 
presentatives of Euphorbia. They con- 


cluded from their histological studies that 
the laticifer system was formed from the 
coalescence of adjacent cells and fusion of 
their protoplasts to form what Milanez 
termed vesicles. The nuclei within the 
cytoplasm of the laticifer protoplast were 
derived from the protoplasts of the various 
cells which were incorporated into the 
laticifer system. 

The divergent classical and more recent 
interpretations of laticifer systems were 
derived from standard histological pro- 
cedures. In this study experimental pro- 
cedures were employed in conjunction 
with histological techniques upon Euphor- 
bia marginata to clarify the anatomical 
concept of the nonarticulated laticifer 
cell. 


Materials and Methods 


Seeds of Euphorbia marginata Pursh, 
presoaked in sterile water for three hours, 
were surface sterilized for 20 minutes in a 
0-5 per cent aqueous solution of com- 
mercial Chlorox or Sani-clor (sodium 
hypochlorite, 54 per cent by wt.). After 
washing in three changes of sterile distilled 
water for 10 minutes each, the embryos 
were removed from fifty seeds and trans- 
ferred to the culture medium. 
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The culture medium was a modified 
Bonner and Devirian medium (1939) 
employed by Torrey (1954) and Torrey 
& Shigemura (1957). Its composition 
in mg./liter is as follows: Ca(NO,). 4H,0, 
242; KNO,, 85; KCl, 61; MgS0,.7H,0, 
#532 KH,P0,,20; FeCl,, 1-5; MnSO,-H,O, 
4-5; ZnSO,-7H,0, 1-5; H,BO,, 1:5; CuSO, 
5H,0, 0-04; Na,MoO,.2H,0, 0:25; thiamin 
HCl, 1; nicotinic acid, 5. 

The above medium was supplemented 
with the following additions per liter: 
sucrose, 40 gm.; Difco Bacto yeast 
extract, 1 gm.; 2, 4-dichlorophenoxyacetic 
acid, 10°M; 2-naphthaleneacetic acid, 
10%M. The medium was solidified with 
5 gm./liter Difco agar. 

The embryos were cultured under sterile 
conditions in Petri plates containing about 
25 ml. of agar medium. Subcultures of 
the material were made every 2-5 weeks. 
The culture plates were maintained in the 
dark at 26°C., except for occasional, brief 
periods during observation. 

Embryos, or portions thereof, were 
removed periodically from the culture 
media and prepared for histological 
studies. Following preservation in for- 
malin-propionic acid-alcohol ( F.P.A.) the 
material was dehydrated in tertiary butyl- 
ethyl alcohol series ( Johansen, 1940 ) and 
embedded in paraffın ( tissuemat 52-56°C.). 
The serial sections, 12-15 u thick, were 
stained with either tannic acid-ferric 
chloride-safranin and fast green or Heiden- 
hain’s haematoxylin and safranin. 

Subcultures of the Euphorbia tissues 
were also continued for additional investi- 
gations upon the growth of the laticifers 
in the proliferated tissues over extended 
time intervals. 


Observations 


The mature embryo of Euphorbia mar- 
ginata is permeated with a system of 
laticiferous cell branches. There is present 
a plexus of interwoven laticifer branches 
at the inner periphery of the cortical tissue 
at the cotyledonary node. Branches from 
the nodal complex extend upward into the 
cotyledons and the embryonic shoot apex, 
and downward toward the root apex. 
Within the hypocotyl short branches ex- 
tend centrifugally into the cortical tissue. 
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Figure 1 illustrates the region of proli- 
feration within the embryo of Euphorbia 
after growing on the agar medium for 
eleven days. Cell enlargement is most 
conspicuous in the cortical zone of the 
hypocotyl. Both cell division and cell 
enlargement occur within the tissues of the 
hypocotyl. Although cell divisions are 
evident within the cortex, this tissue 
progressively collapses along the outer- 
most edge, as is evident within the cortical 
zone of the cotyledonary node ( Fig. 2). 
Callus formation is associated with in- 
tensive meristematic activity within the 
provascular tissues. Several progressive 
stages in the formation of the callus are 
illustrated in Fig. 2, in which proliferation 
can be observed within the zone of the 
future cambium and in the parenchyma 
of the xylic and phloic portions of the 
procambial strands in the hypocotyl. Less 
proliferation occurs within the tissues of 
the embryo distal from the surface of the 
culture medium than in those which are 
proximal to the medium. 

Proliferation, similar to that within the 
hypocotyl, also occurs within the coty- 
ledons and in these organs both cell 
division and enlargement of procambium 
cells result in the formation of callus 
tissue. The parenchyma cells of the 
mesophyll do not collapse as rapidly as 
do the outer cortical parenchyma cells in 
the hypocotyl. Enlargement, as well as 
sporadic cell division, results in the 
formation of a very lacunate cell arrange- 
ment in the proliferated tissues derived 
from the mesophyll of the cotyledons. 

Little meristematic activity is observ- 
able in the region of either the root or 
shoot apex. Thus, the embryo does not 
elongate upon the agar medium. After 
three weeks of culture, browning and 
degeneration become apparent in the 
regions of both the shoot and root apices, 
while the callus tissues derived from the 
hypocotyl and cotyledons continue to 
proliferate. 

Growth of the laticifers is detectable in 
the abnormally proliferated tissue derived 
from both the hypocotyl and the coty- 
ledons of the embryo. Proliferation of 
the cortical and provascular tissues within 
the hypocotyl of the embryo also sti- 
mulates the growth and elongation of the 
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laticifer branches which are present in the 
cortex. In Fig. 2, several portions of 
laticifers (L) within the cotyledonary node 
extend through the cortical parenchyma 
between the procambial strands along the 
periphery of the provascular cylinder. 
The contents of some branches of the 
laticifers at the periphery of the pro- 
vascular cylinder stain very intensely, 
whereas others, which extend along the 
periphery of the meristematic zones de- 
rived from the procambial strands, remain 
visibly protoplasmic and continue to 
elongate with the abnormally proliferated 
tissues (Fig. 2). 

The auxin-stimulated growth of laticifer 
branches may be quite irregular. Figure 3 
illustrates a transection through the pro- 
liferated hypocotyl region of an embryo 
after having grown on the culture me- 
dium for 13 days. The very sinuous and 
irregular helical-like growth pattern of 
the laticifer (L) within the proliferated 
tissue suggests that the non-directional 
growth is a response to the composition 
of the culture medium. Upon observa- 
tion of serial sections it was found that the 
numerous fragments illustrated in Fig. 3 
form four branches of laticifers. 

Growth of all laticifer branches, how- 
ever, was not irregular. During the pro- 
gressive proliferation of an embryo which 
had grown on the culture medium for 
seven days, some branches were observed 
along the outermost surface of the proli- 
ferated tissues ( Fig. 4). The position of 
such laticifer branches, in part, may be 
the result of gradual centrifugal displace- 
ment during proliferation within the 
tissues of the embryo. However, the non- 
disrupted continuity of the laticifer, as 
observed from studying serial sections of 
histological preparations, does indicate 
that cell growth and elongation must 
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occur for retention of the laticifer either in 
or on the abnormally proliferating tissue. 
No laticifer branches were observed to 
penetrate into the agar culture medium 
in this preliminary investigation. 

The slender tips of laticifer branches 
were also found growing in the proli- 
ferated tissues of the cotyledons of 
embryos which were grown on the culture 
medium for seven days. Figure 5 depicts 
the tip of one such branch which has 
grown in the large intercellular spaces 
between the starch-filled parenchyma cells 
of the tissue. 

The occurrence of many more numerous 
short branches within the proliferated 
tissues of the cotyledons than occur in the 
normal cotyledons suggests that branch 
formation is stimulated by the culture 
medium. Figure 6 illustrates a portion of 
a branch extending through an inter- 
cellular space and in contact with a 
parenchyma element. Further investi- 
gation, however, is necessary to determine 
if such branches actually do arise during 
the proliferation of the tissues. 

One branch of the bifurcated laticifer 
cell illustrated in Fig. 7 has grown between 
the loosely distributed parenchyma cells 
to the inner epidermal surface of a coty- 
ledon; the second branch, the tip of which 
is not illustrated, was traced further into 
the large intercellular space, where it 
contacted a parenchyma cell. The intru- 
sive character of the laticifer is more 
evident in Fig. 8, where the contorted tip 
of the laticifer has become abutted against 
the epidermal cells. 

The protoplasmic content of the lati- 
cifer is variable along the length of the cell. 
The tip of a branch is observed to be more 
densely protoplasmic (Fig. 5) than the 
distal portion (Fig. 6). The nuclei 
within the laticifer are characteristically 


Fics. 1-4 — Proliferated embryo of Euphorbia marginata Pursh. \ 
Fig. 2. Transection, in region of cotyledonary node after five 
Elongated portions of laticifers (L) are evident along periphery of provascular 


on medium for eleven days. x 20. 
days on medium. 


cylinder and in elongated, darkly stained regions. | 
Fig. 3. Laticifers (L), in embryo grown on medium for thirteen days, 


procambial strands. x 55. 


have developed an irregular helical pattern in cortical zone. 


Fig. 1. Longisection, grown 


Intensive meristematic activity is evident in the 


x 120. Fig. 4. Segment of laticifer 


(L) visible along outer periphery of embryo after having grown on medium for seven days. X 120. 


IGS. 5-10. 
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spindle-shaped (Fig. 9). The length of 
the nucleus may be several times the dia- 
meter as illustrated in Fig. 10. One or 
more nucleoli may be present in the 
nucleus. The vacuolar portion of the cell 
contains the rather clear cell sap or latex. 


Discussion 


The observations upon the non-arti- 
culated laticifer within the proliferated 
tissues derived from embryos of Euphorbia 
marginata indicate conclusively that the 
laticifer is an elongate and branched in- 
trusively growing cell. There is no evi- 
dence that the non-articulated laticifer is 
derived from the fusion and incorporation 
of numerous cells into an organized multi- 
cellular system, as proposed by Milanez 
(1952a) and Milanez & Neto (1956) in 
E. phosphorea and E. pulcherrima. Rather, 
the slender tips and branched habit of the 
laticifer cell growing in the intercellular 
spaces within the lacunate proliferated 
tissue confirm the classical interpretation 
of the nonarticulated type of laticifer 
( Chauveaud, 1891; Schmalhausen, 1877). 
The laticifer cell occupies only intercellular 
spaces, never penetrating into the adjacent 
cells. 

The laticifer in the cultured Euphorbia 
tissues maintained the multinucleated, or 
coenocytic protoplast ( Foster, 1949 ) 
characteristic of the nonarticulated lati- 
cifer ( Mahlberg, 1959). The nuclei were 
typically spindle-shaped containing one or 
several nucleoli. No mitotic figures were 
observed in the nuclei contained in the 
laticifer branches. The vacuolar latex of 
the laticifer although milky in the normal 
plant remained lucid during the investi- 
gation period. Since the latex content of 
the young normal seedling was also clear, 


<_ 


Fics. 5-10 


Mesophyll of proliferated cotyledon of Euphorbia marginata Pursh. 
Slender tip of laticifer closely appressed against wall of starch-containing parenchyma cell. 


its opacity did not appear to be a result of 
the culture conditions. 

The nutritional mechanism of the lati- 
cifer cell in Euphorbia marginata is quite 
unknown. Although an abundance of 
stored starch is present in the cortical cells 
of the hypocotyl and mesophyll cells of the 
cotyledons, no starch grains are evident 
within the laticifer branches. Until more 
data becomes available it is suggestedth at 
the basic nutritional requirements of the 
laticifer cell are obtained from adjacent 
cells. Hence the laticifer can be broadly 
interpreted as a parasitic cell within the 
plant body. 

Several previous investigators have 
attempted the experimental culture either 
of the articulated laticifer or the non- 
articulated laticifer. As early as 1925, 
Bobilioff, in a series of interesting experi- 
ments, removed articulated laticifer vessels 
from the pulp of ripe fruits of Carica 
papava and maintained the branched 
laticifer system in a living condition on 1:5 
per cent agar medium for several days. 
Bouychou ( 1952 ) reported that segments 
of articulated laticifer vessels were formed 
by cambial activity when excised tissues 
from the stem of Hevea brasiliensis were 
maintained on an artificial medium con- 
taining an auxin, and that laticifer seg- 
ments in culture were capable of producing 
rubber. He concluded that the rubber 
was produced under artificial conditions 
without the presence of an active photo- 
synthetic mechanism. Recently, Snyder 
(1955) in culturing the excised tissues of 
the stem of Cryptostegia grandiflora was 
unable to induce growth of the nonarti- 
culated laticifer cell fragments within pith 
segments. 

In these preliminary experiments, 
branches of laticifers were stimulated to 


Fig. 5. 
< 400. 


Fig. 6. Short branch of laticifer penetrating between several starch-containing parenchyma cells 


with nucleus visible in the larger branch. 


trated up to epidermis (left branch not intact ). 
has penetrated, somewhat, between epidermal cells. 
Elongated 


a laticifer branch. x 800. Fig. 10. 


nucleolus. X 800. 


280. 


Fig. 7. Branched laticifer which has pene- 
< 200. Fig. 8. Contorted tip of laticifer which 

340. Fig. 9. Spindle-shaped nucleus within 
nucleus within a laticifer containing a single 
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grow into the proliferated tissues derived 
from intact and mature embryos. Growth 
as a process within the laticifer cell ap- 
pears to involve both tip growth and 
cell elongation. That tip growth of the 
cell does occur was supported by its si- 
nuous and helical course through: the 
proliferated tissues of the hypocotyl. Pene- 
tration of the slender tips of the latici- 
fer branches between the loosely arrang- 
ed parenchyma of the proliferated coty- 
ledons, often growing to the epidermis, 
also demonstrated apical growth. The 
extensive length and undisrupted conti- 
nuity which was attained by the latici- 
fer within the abnormally proliferated tis- 
sues of both the hypocotyl and cotyledons 
indicated that cell elongation, or sym- 
plastic growth, of the laticifer cell also 
occurred. 

Further studies on the growth of the 
laticifers relative to the developing callus 
tissues derived from the proliferating 
embryos are in progress. 
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Summary 


The individual non-articulated laticifers 
in Euphorbia marginata, observed in 
embryos which were experimentally proli- 
ferated and grown in vitro, are extremely 
elongated and branched cells which pene- 
trate intrusively into various portions of 
the plant body. The laticifers occupy 
intercellular spaces; they are not formed 
by fusion of cells. Numerous spindle- 
shaped nuclei are contained within the 
protoplast of the laticifer. The irregular 
course of the laticifer within the proli- 
ferated tissues suggests that these cells 
exhibit both apical growth and growth by 
elongation. 

This investigation was submitted in 
partial fulfillment of the requirements for 
the degree of Doctor of Philosophy at the 
University of California, Berkeley. The 
writer wishes to express his appreciation 
to Drs A. S. Foster, J. G. Torrey and C. 
Sterling for their helpful suggestions. 
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EMBRYOGENIE DU NICANDRA PHYSALOIDES 
GAERTN. (SOLANACEES) 


PisCREDE: 


Faculté de Pharmacie, Université de Paris, France 


Chez les Nicandra, l’ovaire est souvent 
divisé en cinq loges, ce qui confère à la 
fleur une isomérie parfaite de ses dif- 
ferents verticilles. Il s’agit là cependant 
d'un caractère secondairement acquis: le 
nombre des loges, qui varie de trois à 
cinq, ne correspond pas à celui des car- 
pelles initiaux, mais résulte de la produc- 
tion de fausses cloisons, semblables à 
celles que l’on observe chez les Lycopersi- 
cum, les Datura, ou les Solandra (Wetts- 
tein, 1895). Dans tous les systèmes de 
classification, les Nicandra sont rappro- 
chés des Solanum et des genres voisins des 
Solanum. Cependant, ils s’en distinguent 
bien nettement, entre autres caractères, 
par leur tégument séminal qui a perdu, 
dans la graine adulte, son assise digestive. 
Les Nicandra prennent même, à ce point 
de vue, avec les Dictyocalyx, une place à 
part parmi les Solanacées à assise diges- 
tive non persistante, étant les seuls genres 
du groupe à présenter une assise épider- 
mique tégumentaire à paroi externe 
épaissie ( Souèges, 1907 ). 

Des données d’ordre embryogénique 
manquaient jusqu'à present sur les 
Nicandra. Ayant récolté en quantité 
suffisante des échantillons du N. physa- 
loides Gaertn. dans le Jardin botanique de 
la Faculté de Pharmacie de Paris, nous 
avons pu suivre pas a pas le developpe- 
ment de l’embryon chez cette espéce et 
juger ainsi du degré de parenté qu’elle pré- 
sente avec les Solanacées dont nous con- 
naissons actuellement l’embryog£nie. 

Chez le N. physaloides, toutes les formes 
embryonnaires dérivent de tétrades apparte- 
nant a la série C, (Fig. 3). Quel que 
soit le cloisonnement des cellules supéri- 
eures, cc et cd, de la tétrade, ses cellules m 
et ci, qui proviennent de la bipartition de 
la cellule basale, cb, du proembryon bicel- 
lulaire ( Figs. 1, 2), ont les mémes desti- 


nées. Elles produisent uniquement le 
primordium de la coiffe, co, et le suspen- 
seur, s. Ainsi, foules les formes embryon- 
naires se rattachent, dans la première 
période de la Classification embryogénique 
de Souèges ( 1948) au même megarchetype 
V que définit la formule: 

cb=co-+s. 
Cependant, le mode de cloisonnement et 
la disposition en étages des cellules 
dérivées de ca sont très variables aux 
générations qui font immédiatement suite 
à la formation de la tétrade. 


Étage cc 


Dans un premier cas, la cellule supérieure, 
cc, de la tétrade prend une paroi verticale 
( Figs. 4, 8, 9, 10) ou légèrement oblique 
( Figs. 6, 7): les octants supérieurs pro- 
viennent du cloisonnement longitudinal 
des deux cellules — filles ( Figs. 15, 17). 
En outre: 
ou bien, les premiers éléments du dermato- 
gene s’identifient tout d’abord par seg- 
mentation tangentielle des octants ( Figs. 
272151 29 232,054), puis ‘les cellules 
sous-jacentes prennent soit des cloisons 
transversales (Figs. 22, 23, 30), soit 
beaucoup plus rarement verticales ( Figs. 
31, 34), ou bien, ce sont des parois anti- 
clines à direction horizontale qui prennent 
place tout d’abord au niveau des octants 
et le dermatogène s’identifie seulement 
après à l’aide de cloisons périclines 
( Figs. 18, 24, par exemple ). 

Dans un second cas, la cellule supéri- 
eure, cc, de la tétrade prend une paroi 
transversale. Les cellules — filles se divi- 
sent verticalement (Figs. 5, 11 a 14). 
Des deux étages bicellulaires, l’un, ce, est 
à l’origine de l’épicotyle, l'autre, c/, de la 
partie cotylée sensu stricto. L'embryon 
figuré en 19 et probablement ceux qui sont 
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représentés en 25, 26, 31, 35 appartien- 
nent a cette catégorie. 


Etage cd 


Dans un premier cas la cellule cd, de 
la tétrade se cloisonne verticalement 
( Figs. 6, 7, 8, 13, et 14) en deux éléments 
qui sont les homologues de quadrants. 
Leur division longitudinale provoque la 
formation de quatre cellules qui corres- 
pondent aux octants inférieurs ( Figs. 15, 
16, 18). D’une facon assez générale, les 
octants prennent chacun une paroi verti- 
cale ( Fig. 20), puis les éléments du der- 
matogene et les cellules circumaxiales se 
cloisonnent transversalement, ce qui fait 
apparaître deux étages: aux dépens de 
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l'étage supérieur ¢, se constitue la tige 
hypocotylée, aux dépens de l'étage in- 
férieur 7, le rudiment de la racine. Les 
cellules situées autour de l’axe, au niveau 
de l’etage {, prennent des cloisons verti- 
cales (Fig. 28 a gauche). Au niveau de 
l’etage 7, après identification du derma- 
togene, les elements internes prennent une 
cloison courbe en forme de verre de montre 
( Figs. 24, 25, 28 à gauche) ou differem- 
ment orientee, segmentations qui permet- 
tent, en definitive, la differenciation des 
initiales du cylindre central et de l’écorce 
de la racine. Il peut arriver que, au lieu de 
se cloisonner verticalement, les octants, 
en cd, se divisent horizontalement (Fig. 19). 
Dans ce cas, bien entendu, la separation 
des étages ¢ et 7 s’en trouve acceleree. 


Figs. 1-22 — Nicandra physaloides Gacrtn. Premiers stades de la vie proembryonnaire. 
ca, cellule apicale et cb, cellule basale du proembryon bicellulaire; cc, cellule-fille supérieure de ca ou 
partie cotylée s. lato; cd, cellule-fille inférieure de ca ou partie hypocotylée; m et ci, cellules-filles 
de cb; ce, cellule-fille supérieure et cf. cellule-fille inférieure de cc dans les formes proembryonnaires 
se rattachant au 7ème et au 8ème groupe de la classification périodique; ¢, cellule-fille supérieure 
de cd ou primordium de la tige hypocotylée; 7, cellule-fille inférieure de cd ou primordium de 
Ja racine; d, cellule-fille supérieure de m ou primordium de la coiffe; f, cellule-fille inférieure de m; 
n et n’, cellule-filles de ci; o et p, cellules-filles de n’. G.: 470. i 
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Dans un second cas, la cellule cd de la 
tétrade prend une paroi transversale 
( Figs. 9-11). La cellule — fille supérieure 
t est a l’origine de la tige hycotylée; il s’y 
differencie les premiers elements du der- 
matogene, du peribleme et du plerome 
. (Figs. 27, 29, 31, 33 et, peut — être, 30 et 

34). L’autre cellule—fille, 7, fournit 
d’abord quatre cellules circumaxiales; des 
cloisons tangentielles séparent les éléments 
du dermatogène qui donneront la portion 
latérale de la coiffe ( Fig. 27 ); puis les cellu- 
les intérieures, voisines de l’axe, se divisent 
transversalement, en deux tétrades super- 
posées: la tétrade inférieure représente les 
initiales du périblème; la tétrade supéri- 
eure, se cloisonnant verticalement, donne 
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naissance aux premiers éléments du péri- 
bleme et du plérome ( Figs. 30, 31 et 
330): 

En troisiéme lieu, dans de rares cas, la 
cellule cd prend une cloison oblique. Un 
aspect semblable est décrit, par R. Souèges 
(1922), chez le Solanum sisymbrifolium 
Lam. De telles formes sont génératrices 
dans cette espèce, de proembryons ir- 
réguliers; il en est certainement de méme 
chez les Nicandra ( Fig. 12). 


Etages m et ci 


La cellule m, de la tétrade se divise 
transversalement en deux éléments super- 
posés d et f. La cellule d, est à l'origine 


Fics. 23-37 


- Nicandra physaloides Gaertn. et Ë 1 1 
Méme légende que pour les Figs. 1 à 22; iec, initiales de l'écorce de la racine. G.: 470 pour les Figs. 


23 a 35; 350 en 36 et 37. 


Dernieres étapes de la vie proembryonnaire, 
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de la partie moyenne de la coiffe dont les 
portions latérales proviennent de cloison- 
nement des éléments du dermatogene de 
l'étage r (Figs. 36, 37). La cellule f 
contribue a former, avec les éléments 
provenant de la cellule cz, un suspenseur 
filamenteux. 


Conclusions 


Les divergences qui apparaissent dans 
le développement de l'embryon à partir de 
la 3ème génération nous obligent à rat- 
tacher le N. physaloides à divers groupes 
embryogéniques du système périodique: 
appartiennent au 3éme groupe les formes 
où les cellules cc et cd se cloisonnent verti- 
calement ( Figs. 6, 7), au 4ème groupe, 
celles où cc prend une paroi verticale et 
cd, une paroi horizontale ( Figs. 9, 10), 
au 7ème groupe celles où cc se divise en 
deux éléments superposés, tandis que cd 
se segmente verticalement ( Figs. 13, 14), 
au 8ème groupe enfin celles où les cellules 
— filles de cc et de cd sont disposées en 
file ( Fig. 11). 

En somme, le N. physaloides est un 
type irrégulier qui s'apparente, par les 
formes embryonnaires appartenant au 
3ème groupe, à l’Hyoscyamus niger et 
aux Nicotiana (Soueges, 1920, 1922), a 
l’Atropa Belladona (Soueges, 1922), au 
Petunia nyctaginiflora et au Schizanthus 
pinnatus (R. Souèges 1936), au Physalis 
peruviana (P. Crete, 1954). "Dans le 
4ème groupe, il prend place aux côtés de 
certains Solanum ( Soueges, 1922). Dans 
le 8ème groupe embryogénique, il coexiste 
avec certaines formes du Solanum sisym- 
örifolium ( Souèges, 1922) et du Physalis 
peruviana (P. Crété, 1954). Seules, les 
formes du Nicandra appartenant au 7éme 
groupe n'avaient pas encore été observées 
chez d’autres Solanacées. 

Plus nos connaissances s’étendent sur 
l’embryogenie des Solanacées, plus nous 
constatons que les représentants de la 
famille, à côté de types réguliers apparte- 
nant, en régle trés générale, au 3éme 
groupe embryogénique, comptent beau- 
coup de types irréguliers. 

Les Solanacees n’en demeurent pas 
moins une famille valable en ce sens 
qu'elles ont en commun bon nombre de 
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caracteres d’une importance extreme. 
Sauf quelques exceptions qui ont été 
constatées chez le Datura Stramonium 
( Souèges, 1932) les formes embryon- 
naires procedent de tetrades appartenant 
a la série C et, dans tous les cas, les destinées 
de la cellule basale de leur proembryon 
bicellulaire sont identiques. L’homogénéité 
relative de la famille nous apparait encore 
accrue quand nous tenons compte du 
mode de construction des parties cotylée 
et hypocotylee, ces deux parties produites 
par la cellule apicale du proembryon 
bicellulaire: a l'issue de cloisonnements 
diversement orientes et plus ou moins 
nombreux, le proembryon presente tou- 
jours une division bien nette en 4 segments 
dont un correspond a l’épicotyle, un 
autre à la partie cotylée s. stricto, un autre 
à la tige hypocotylée, le dernier à la racine. 
Au sein des Solanacées et méme souvent 
dans les limites d’une unique espéce, il 
existe une tendance à l’acceleration de la 
différenciation de ces divers segments. 
Les formes les plus perfectionnées seraient 
représentées par celles qui appartiennent 
au 8° groupe embryogénique: des la troi- 
sieme génération, les quatre cellules super- 
posées provenant de ca sont les initiales 
des quatre parties fondamentales de la 
future plante. 

Enfin, comme le fait remarquer Soueges 
(1939), une importance exceptionnelle 
doit étre attribuée, au niveau du mégar- 
chétype V, au mode de génération des 
initiales de la racine: quelles que soient 
les directions des premiers cloisonnements 
en cd, il intervient toujours, au niveau de 
l'étage 7, une différenciation des initiales 
de l'écorce radiculaire et des cellules- 
méres du péribléme et du plérome de la 
racine a partir des quatre premiers élé- 
ments circumaxiaux isolés sous le der- 
matogene. Les procédés de segmentation 
sont variables, parfois méme dans un seul 
embryon, selon qu'il s’agit de l’un ou 
l’autre de ces quatre éléments voisins de 
l'axe, mais le résultat atteint est toujours 
le même. Cette conformité d’origine des 
initiales, assez particulière aux Solanacées, 
confère aux représentants de la famille 
un caractère d'une signification bien 
marquée dans tout essai dembryogénie 
comparée, relatif surtout à certaines al- 
liances de Gamopétales. 
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MORPHOLOGY AND EMBRYOLOGY OF 
GNETUM ULA BRONGN, 


VIMLA VASIL (née Negi) 
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The old order Gnetales included three 
genera — Ephedra, Welwitschia, and Gne- 
tum. Differing considerably in their habit 
and geographical distribution and show- 
ing a unique assemblage of features com- 
mon to both gymnosperms and angio- 
sperms, their phylogenetic position has 
attracted the attention of morphologists 
as well as embryologists for many years. 

Although the three genera had long been 
considered to constitute a single family 
Gnetaceae ( Order Gnetales ), many com- 
mented on its heterogeneity ( Bertrand, 
1874, 1878) and by the end of the 19th 
century the order had already been split 
into three families each with a single genus. 
Recent work has emphasized other im- 
portant differences. Thus the stomatal 
structure of Ephedra is of the haplocheilic 
type also found in the Cycadales, Gink- 
goales, Cordaitales and Coniferales, while 
Welwitschia and Gnetum show the syn- 
detocheilic type prevalent among the 
angiosperms (Florin, 1931, 1933, 1934). 
Eames (1952) further showed that the 
ovule of Ephedra is hn pie in 
position and not cauline. In the light of 


his own observations and those of some 
previous workers, he suggested that the 
Gnetales should be segregated into three 
distinct orders: Ephedrales, Welwits- 
chiales and Gnetales. 

Gnetum is accepted in this account 
as the only genus included in the new 
order Gnetales. It has been of special 
interest to morphologists as it is considered 
to be the highest evolved amongst the 
gymnosperms, showing closer similarities 
with angiosperms than either Ephedra or 
Welwitschia. 

Since the time of Griffith ( 1859) the life 
history of Gnetum has been studied by 
many botanists. As early as 1882 Bower 
described the embryogeny of G. gnemon. 
He was followed by Karsten ( 1892, 1893) 
who described some stages in the life 
history of Gnetum. Lotsy (1899) gave a 
detailed account of G. gnemon and later 
( Lotsy, 1903 ) claimed parthenogenesis in 
G. ula. By the end of the first quarter of 
the present century several papers had 
been published on this interesting genus 
by Pearson (1912, 1914), Thompson (1916) 
and Haining (1920). More exhaustive 
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still are the works of Fagerlind ( 1941, 
1946 ) and Waterkeyn (1954). OnG. ula, 
however, little has been done except the 
publication of a brief note by Apte & 
Kulkarni (1953) on the gametophytes 
and some stages of embryogeny. 

The present work was taken up with a 
view to give a reasonably complete 
account of the life history of this Indian 
species, Gnetum ula Brongn. (syn. G. 
scandens Brandis ). 

This study was attended by many 
difficulties such as: (1) lack of adequate 
material for investigation because the 
localities in which the plants occur are 
not of easy access, (2) the necessity of 
making continuous collections at close 
intervals, (3) the long time taken to 
complete the development beginning in 
November-December and ending after 
nearly eighteen months in the summer of 
the following year, (4) abortion of a large 
number of ovules, and (5) infection of the 
ovules with insects. 


Material and Methods 


Most of the material was obtained by 
Professor P. Maheshwari from botanists 
in different parts of India. Many col- 
lections were also made personally by him 
and by me from Khandala in the Western 
Ghats of India. 

The material was fixed in formalin- 
acetic-alcohol and run up to paraffin 
after removing the outer and middle 
envelopes from the ovules. In older ovules 
the inner envelope was also removed. 
Sections were cut 5-18 microns thick and 
stained in safranin-fast green as well 
as Heidenhain’s iron-haematoxylin. The 
development of the male gametophyte 
was also studied by acetocarmine squashes. 
As the young embryos are extremely coiled 
they were dissected out in entirety, stained 
in Delafield’s haematoxylin and mounted 
in glycerine. Pieces of male and female 
cones were treated with 10 per cent hydro- 
fluoric acid in 70 per cent alcohol for 10-15 
days before embedding in paraffin. Seeds, 
received during July-October and sown at 
Delhi, germinated after nearly 8-9 months. 
Different lots of seeds were taken out at 
regular intervals for a study of the em- 
bryogeny. 
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Habit and Habitat 


Gnetum ula is an extensive woody 
climber reaching the tops of tall trees. 
The lower part of the stem is devoid of 
any foliage for a considerable length, and 


the leaves occur only higher up near the 


branches of the tree to which the specimen 
is clinging. 

The foliage leaves occur on branches of 
limited growth. About 9-10 leaves are 
arranged in decussate pairs on each 
branch. These are often quite crowded 
and lie in one plane so that the branch 
looks like a pinnate leaf. The leaf is 
shortly petiolate and exstipulate. The 
lamina is large, oval and entire with reti- 
culate venation. The shape and size of 
the leaf show considerable variation on 
the same plant. : 

The plant is confined to India, occurring 
all along the Western Ghats, especially 
in Khandala, Kanara and Poona; along 
the Malabar coast and Mysore; Nilgiris 
in Kerala; Chenath Nair and Pulni Hills 
in Madras; Godavari District in Andhra; 
and in Orissa and South Andamans ( see 
Markgraf, 1930; Bharadwaja, 1957). 


The Inflorescences 


The inflorescence is a panicle and the 
plants are dioecious. The panicles usually 
occur in the axils of foliage leaves but 
terminal cones are also met with. The 
leaves normally fall off before the emer- 
gence of the cones and quite commonly 
the latter are seen on old and leafless 
stems. 

The male as well as the female cones 
consist of a stout axis which bears at its 
base two opposite, sterile and connate 
leaves with acute apices. A little higher 
up a number of circular bracts are super- 
posed above one another at each node. 
These bracts have commonly been termed 
“ cupules ” or “ collars ”. Since the inter- 
nodes are suppressed, the collars lie very 
close to each other. Each cone may 
consist of 10-25 of such collars ( Figs. 1, 2, 
9710). 


Male Cone 


Above each collar, there are 3-4 definite 
rings, each of 25-30 male flowers ( Figs. 2, 
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Fics. 1-13 —- Male and female cones. Fig. 1. 
Branch bearing a panicle of male cones ( De- 
cember 7, 1956). x 0-8. Fig. 2. Slightly older 
male cone ( December 7, 1956). x 0:8. Fig. 3. 
Portion from Fig. 2 enlarged to show the male 
flowers in surface view ( December 7, 1956). 7. 
Fig. 4. L.s. male flower showing the two anthers 
(December 7, 1956 ). x 20. Fig. 5. L.s. male 
flower with two stalks bearing four anthers 
( December 7, 1956). x 13. Fig. 6. Portion of 
a male cone at the time of dehiscence ( January 
29,1956). x 7. Fig. 7. Male flower showing the 
emergence of the anthers through the perianth 
( January 29, 1956). x 20. Fig. 8. Same, at the 
time of dehiscence (January 29, 1956). « 20. Fig. 
9. Young female cone before the emergence of 
the ovules (December 8, 1956). x 0-8. Fig. 
10. Female cone showing a ring of ovules above 
each collar ( January 17, 1956). x 0-8. Fig. 11. 
Older stage showing the enlarging as wellas the 
arrested ovules (March 7, 1957). x 0:8. Fig. 
12. Female cone with spiral collars ( February 
12, 1956). x 0-8. Fig. 13. Proliferations from 
the outer epidermis of the micropylar tube due 
to insect attack ( February 12, 1956). x 10, 
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3, 6). Situated above the male flowers 
is a single ring of nearly 10-15 imperfect 
female flowers with abortive ovules. In 
G. gnemon Thompson (1916) found some 
male cones in which the abortive ovules 
formed more than one ring. No such 
cones were, however, seen in G. ula. 

Each male flower consists of a stalk 
bearing two unilocular anthers enclosed 
in a sheath-like perianth ( Fig. 4). When 
the anthers are mature and ready for 
dehiscence, the stalk elongates rapidly 
and pushes the anthers through a slit 
in the perianth beyond the collars of the 
cone ( Figs. 6-8). 

Occasional male flowers show one, three 
and four anthers instead of the normal 
two. In one flower the two anthers were 
unequal. In few others there were two 
stalks, each bearing the usual two anthers, 
but enclosed by a single perianth ( Fig. 5 ). 
Another flower showed two anthers on one 
stalk and a single anther on a separate 
stalk, all within a single perianth. 

The youngest cones are completely en- 
closed within the two basal bracts. Ata 
slightly later stage the cone axis is seen 
with the collars closely adpressed to each 
other (Figs. 1, 14). Longitudinal sec- 
tions show that a few cells lying below 
each collar become meristematic and are 
easily distinguishable from the rest of the 
cells (Fig. 15). These cells appear all 
around the axis and divide repeatedly 
so as to result in the formation of a 
ring-like swelling below each collar. As 
this annular meristem increases in 
size, it comes to lie between the collar 
which bears it and the one below, Le. 
between two collars, so as to give the 
impression of axillary or internodal origin 
(Fig. 16). 

The cells on the upper side of the annu- 
lar meristem differentiate into 10-15 ovular 
buds and on the lower into 25-30 male 
flower primordia (Fig. 17). The male 
and female rings are separated by a few 
sterile cells ( Fig. 17). A large number of 
epidermal hairs arise from this sterile 
region. The cells lying on the lower side 
of the first ring of male flower primordia 
divide likewise resulting in the initia- 
tion of a second ring, the two rings being 
again separated by sterile cells ( Fig. 18). 
The third ( Fig. 19) and fourth ( Fig. 20) 
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rings of male flower primordia are formed 
similarly. 

By the time the initials of the male 
flowers of the fourth ring appear, the ovu- 
lar primordia have already become pro- 
minent. The outer envelope, which ap- 
pears at this stage, is quite massive ( Fig. 
20). Meanwhile, the central mass of the 
ovule grows and produces the middle and 
then the inner envelope. The middle 
envelope soon becomes arrested so that 
the ovules in the male cones consist of the 
nucellus with only the inner and the outer 
envelopes ( Fig. 88 ). 

While the outer envelope is still elongat- 
ing, the primordia of the male flowers of 
the first ring undergo some changes. A 
circular covering quickly surrounds the 
central mass, leaving only a narrow slit 
atitheytop: (Migs; 21% 22.) sadhiszis the 
so-called perianth. It appears to be 
composed of one annular segment and 
not of two parts as reported by earlier 
workers (see Discussion). The upper 
surface of the perianth is flattened and 
the slit or the opening may lie on one 
side or in the middle ( Fig. 24A ). 

Simultaneously with the initiation of the 
perianth, the central part of the male 
flower shows a median notch (Fig. 21) 
which deepens and results in the formation 
of two small lobes ( Fig. 22) giving rise 
to the two anthers. The stalk arises by 
active divisions of the basal cells of the 
flower (Figs. 23, 24). Later the cells 
elongate and the stalk shoots up, forcing 
the anthers through the slit of the perianth 
( Figs. 7, 8). The second, third and the 
fourth rings of male flowers develop in the 
same way. Since the anthers of the upper 
ring are the first to mature, followed by 
the subsequent rings, the development is 
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clearly basipetal. 


When the male flowers © 


of the first ring show microspores, the last 
or the fourth ring is still at the microspore — 


mother cell stage (Fig. 23). 

A transection of the axis of the male 
cone shows a ring of 15-18 bundles. Just 
below the place of origin of the sterile 
bracts, 14 bundles depart from the central 
ring. These are the bract bundles, each 
bract receiving seven bundles. The me- 
dian bundle enters first and the rest follow 
in pairs. Above the point of insertion of 
the basal bracts, the axis shows 14-25 
bundles. In their upward course there is 
a further increase in their number. 

At the nodes, each bundle of the central 
ring branches to give a trace to the collar 
which undergoes further ramifications. 
From the trace, before its entrance into the 
collar, a strand proceeds towards the base 
of the bunch of male and female flowers 
present in the internodal region. This 
strand is inverted and gives off smaller 
branches at the base of each flower ( Fig. 
23). Towards the apex of the cone the 
number of axial bundles is gradually 
reduced until only two bundles are seen 
in the uppermost sterile portion. 

The single bundle at the base of each 
ovule divides into two bundles which 
go up for a short distance, and then give 
off one branch each to the outer envelope. 
The remaining bundles terminate at the 
point where the inner envelope separates 
from the nucellus. 

The trace entering a male flower 
(Fig. 24G ) gives out two side bundles sup- 
plying the perianth and continues upward 
(Fig. 23). Soon it forks into two bundles 
which enter the stalk and then continue 
upward one for each anther (Figs. 24, 
24D-F ). The pair of bundles supplying 


Fics. 14-22 — Development of male flowers. 


ber 7, 1956). x 40: 


> 


Fig. 14. L.s. very young male cone ( Decem- 


Fig. 15. Portion from a very young male cone enlarged to show a group of 


meristematic cells on the under surface of the collar (December 7, 1956). x 180. Fig. 16. Later 
stage showing a hump of tissue produced by the activity of the meristematic cells (December 7, 
1956 ). x 180. Fig. 17. Same, differentiating into an upper ovular and a lower male flower pri- 
mordium (December 7, 1956). x 180. Figs. 18, 19. Differentiation of the upper ovular ring, 
and the Ist, 2nd and the 3rd rings of male flower primordia (December 7, 1956). x 180. Fig. 20. 
Portion of l.s. of male cone showing the upper ovular ring and four rings of male flowers ( December 7, 
1956). x 165. Figs. 21, 22. Gradual elongation of the perianth and the differentiation of the 
central mass into two anthers (December 7, 1956). x 180. 
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the perianth and the pair entering the 
stalk lie in two planes, at right angles to 
each other (Fig. 24D). Thus all the four 
bundles cannot be seen in a longitudinal 
section (Fig. 24). The supply to the 
perianth (Figs. 24B, C) can be seen in 
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Fics. 23, 24 — Vasculature of the male flowers. 
cone showing the vasculature (December 31, 1954 ). 


cence ( December 31, 1954), x 85. 
24 (December 31, 1954). x 85. 
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younger flowers also, but the vascular 
elements of the stalk differentiate only 
after its elongation. 

According to Pearson (1912) an annu- 
lar mucilage canal occurs in the collar in 
G: africanum and G. buchholzianum but 
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Fig. 23. L.s. through a collar of the male 
x 45. Fig. 24. L.s. male flower before dehis- 


Figs. 24A-G. T.s. male flower at levels marked A to G in Fig. 
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not in G. wla. In the present material, 
however, such a canal has been found 
sporadically, though in certain cases, it is 
represented by a number of separate 
smaller cavities. The origin of the canal 
was not traced in the present study, but 
from Pearson’s account it appears to be 
lysigenous. 


Female Cone 


The female cones resemble the male 
cones except that in the former a single 
ring of female flowers is seen above each 
collar ( Figs. 10, 11). About 8-10 ovules 
may be present in one ring (Fig. 10). 
During younger stages, the collars lie very 
close to each other, so that the internodes 
are hardly seen. At this stage the ovules 
are not visible and lie under the collar 
(Fig: 9). 

When the cone is very young, all the 
ovules are of a similar size ( Fig. 10). As 
development proceeds, some become ar- 
rested and may fall off (Fig. 11). Thus, 
older cones show ovules of two sizes, and 
the smaller of these do not develop any 
further. The upper few collars are usually 
devoid of any ovules ( Fig. 10) although 
these may also be fertile ( Fig. 11). 

Each female flower or ovule consists 
of the nucellus surrounded by three en- 
velopes. The inner envelope elongates 
to form the micropylar tube or the so- 
called ‘style’ even before megasporo- 
genesis has been completed. 

Some abnormal female cones were met 
‘with in which the collars were arrang- 
ed in a spiral (Fig. 12); sometimes a 
single cone may show both cyclic and 
spiral collars (see also Thompson, 1916; 
Gonzalves & Ladwa, 1951; Dutt, 1952). 
Spiral cones have not, however, been 
observed on male plants. 

Besides the normal male and female 
cones, Pearson (1914) describes two 
other types: (1) pure male, usually without 
even the infertile ovules (G. africanum 
and G. buchholzianum ), and (2) male cones 
bearing, in addition to the male flowers, 
both complete (with three envelopes ) 
and incomplete (with two envelopes ) 
female flowers (G. gnemon). The com- 
plete female flowers of the male cones 
were occasionally seen to possess four 
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envelopes. No such cones were found 
in G. ula. 

In the development of the ovules an 
annular meristem arises below each collar 
in a manner exactly similar to that of the 
male cone ( Figs. 58, 59). From this 8-10 
ovular primordia differentiate and come 
to lie between the collars. The ovular 
primordia are separated by sterile cells 
which give rise to hairs as in the male cone. 
Each ovular primordium lies on a cushion 
( Fig. 60 ) and the three envelopes develop 
in centripetal succession (Figs. 61-64). 
The inner envelope elongates and forms 
the ‘style’ or the ‘micropylar tube’ 
( Fig. 65). 


Microsporogenesis 


In the young anther a group of hypo- 
dermal cells becomes differentiated from 
the surrounding cells to form the early 
archesporium (Fig. 25) whose cells in- 
crease in number (Figs. 26, 27). The 
outermost layer divides periclinally to cut 
off the primary parietal layer (Fig. 28) 
which in turn divides to form a middle layer 
and the tapetum ( Figs. 29, 30). Here and 
there the cells of the middle layer divide 
periclinally ( Fig. 31). At such points the 
anther wall is composed of four layers 
including the epidermis. The cells of the 
wall layers undergo frequent anticlinal 
divisions to meet the requirements of the 
rapidly enlarging anther. 

The epidermis alone persists at matu- 
rity. Its cells become radially elongated, 
and their outer walls are slightly thickened 
and cutinized. From their inner tan- 
gential walls, fibrous thickenings run up- 
ward and outward ending near the outer 
wall of each cell ( Figs. 36, 37). 

The cells of the middle layer are narrow 
and tangentially flattened. They become 
further compressed when the microspore 
mother cells are undergoing meiosis 
(Fig. 32) but are recognizable till the 
tetrad or the uninucleate microspore stage 
( Figs. 34, 35). The tapetal cells, on the 
other hand, become more conspicuous due 
to their increased size and denser cyto- 
plasm ( Figs. 32, 33). Ordinarily they are 
binucleate but sometimes as many as 4 
nuclei may be seen. Contrary to some 
previous reports, the tapetum definitely 


Fics. 25-37. 
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arises from the parietal layer and not from 
the sporogenous cells (see Discussion ). 
In a large number of anthers the tapetum 
was found to be separated from the middle 
layer and lying in close association with 
the sporogenous cells. This condition 
might have misled earlier workers to 
conclude that the tapetum arises from the 
sporogenous and not from the parietal 
cells (Thompson, 1916). After meiosis 
the tapetal cells appear vacuolated and 
show signs of degeneration. The degene- 
rated remnants can be seen till the uni- 
nucleate microspore stage ( Fig. 35 ). 

An interesting feature of the anther of 
G. ula is the presence of small globular 
structures on the inner surface of the 
epidermis ( Fig. 37) which take up a deep 
red stain with safranin. They make their 
appearance at about the microspore 
stage (Fig. 35) and persist till the de- 
hiscence of the anther ( Fig. 37). There 
is no reference to such globules in the 
literature on Gnetum although their occur- 
rence on the inner side of the tapetum is 
a regular feature of several angiosperms 
( see Maheshwari, 1950 ). 

The sporogenous cells undergo a few 
divisions to produce the microspore 
mother cells ( Fig. 31 ) which contain dense 
cytoplasm and prominent nuclei ( Fig. 38 ). 
As they prepare for meiosis, their proto- 
plasts recede from the mother walls and a 
special mucilaginous layer is secreted 
between the protoplasm and the original 
wall. Meiosis does not occur synchro- 
nously in all the mother cells even in the 
same loculus ( Fig. 32). 
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No cell plate is laid down after the first 
meiotic division ( Fig. 39). Lagging chro- 
mosomes have been frequently observed 
during metaphase I. In meiosis II the 
spindles may be arranged parallel or at 
right angles to each other ( Figs. 40-42). 
After the formation of the four microspore 
nuclei, cytokinesis takes place by centri- 
petal furrows (Fig. 43). The micro- 
spore tetrads may be decussate, isobi- 
lateral or tetrahedral ( Figs. 34, 44, 45). 
During the enlargement of the micro- 
spores, the mucilaginous wall is gradually 
absorbed and the original mother wall 
breaks down releasing the young micro- 
spores. Next the wall differentiates into 
a thick exine and a thin intine, the former 
with minute spines on its surface ( Fig. 
47) which appear even before the micro- 
spores separate ( Fig. 46). 

In a large number of anthers the uni- 
nucleate microspores stained deeply and 
degenerated as such without undergoing 
any further development. One mother 
cell contained two healthy microspore 
nuclei and two small degenerated masses 
of chromatin. Another showed a few 
lumps of chromatin and two healthy 
nuclei. 

The anthers dehisce by a double row 
of cells which are smaller than the rest and 
extend vertically from the tip to some 
distance below the anther sac on each side. 


Male Gametophyte 


The first division of the young micro- 
spore nucleus (Figs. 47, 48) cuts off a 


<— _— 
Fics. 25-37 — Microsporangium. 


stage (section passing through only one anther in each ) n 
L.s. part of anther with multicelled archesporium ( December 7, 1956 ). x 410. 
of the parietal layer and sporogenous tissue ( December 7, 1956). X 410. 


Figs. 25, 26. L.s. male flowers at the archesporial cell 


( December 7, 1956). x 180. Fig. 27. 
Fig. 28. Formation 
Fig. 29. The parietal 


layer has divided periclinally to give rise to a single middle layer and the tapetum ( December 7, 


1956). x 410. 
x 410. 


layers ( December 7, 1956). x 410. 


wall layers during meiosis ( January 5, 1950). x 410. 
Fig. 34. Portion of anther at the tetrad stage ( January 


during meiosis ( January 5, 1950). x 60. 
5, 1950). x 410. 


of the middle and the tapetal layers in Figs. 34 and 35. 


Fig. 35. Same, at the uninucleate microspore stage. 


Fig. 30. Portion of an anther showing binucleate tapetal cells ( December 7, 1956 ). 
Fig. 31. Portion of anther wall enlarged to show the occasional presence of two middle 
Fig. 32. Part of anther enlarged to show the condition of the 


Fig. 33. Diagram of t.s. of male flower 


Note the gradual absorption 
Certain darkly staining globules appear 


on the outer surface of the degenerated tapetum ( January 5, 1950). x 410. Fig. 36. L.s. male 
flower at the time of dehiscence (the perianth has been removed) ( January 18, 1956). x 40. 
Fig. 37. Marked portion of the same enlarged to show the epidermal thickenings ( January 18, 


1956). x 410. 
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lenticular cell ( Figs. 49, 51) which soon 
rounds up and comes to lie in the cyto- 
plasm of the pollen grain (Figs. 50, 52, 
53). This small cell is the prothallial cell. 
The central nucleus divides again ( Fig. 
51), followed by the laying down of an 
ephemeral cell plate (Fig. 52). Of the 


two daughter nuclei, the one near the 
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prothallial cell has a sheath around it 
(Fig. 53). The mature pollen grain thus 
contains three nuclei: (i) a large nucleus 
which is comparatively poor in chromatin 
but has a conspicuous nucleolus — this is 
the tube nucleus ; (ii) a small deeply staining 
nucleus with a sheath of its own — this is 
the generative cell; and (iii) a still smaller 


Fics. 38-57 — Microsporogenesis and male gametophyte (gc, generative cell; pc, prothallial 


cell; im, tube nucleus ). 


1956). * 1033. 


Figs. 38-43. 


Si Wes XC OBS. 
( January 18, 1956). x 1380. 


) Fig. 47. One-celled microspore ( January 18, 1956). x 1380. 
of the microspore nucleus ( January 18, 1956). x 1380. 


Stages in the formation of microspore tetrads ( December 7, 
_ Figs. 44, 45. Tetrahedral and isobilateral tetrads (December 31, 1954). x 1033. 
Fig. 46. Tetrad just before liberation of the microspores. 


The exine is being formed ( December 
| Fig. 48. Mitosis 
Fig. 49. Cutting off of a prothallial cell 


Fig. 50. Two-celled pollen grain with a rounded prothallial cell 


having its own cytoplasmic sheath ( January 18, 1956). x 1380. Figs. 51-53. Mitosis of the larger 


nucleus ( January 18, 1956). x 1380. 


Fig. 54. Pollen grain at the shedding stage showing the tube 


nucleus and the generative and prothallial cells (January 18, 1956). x 1380. Fig. 55. Four-nucleate 


pollen grain ( January 18, 1956). « 1380. 
x 1380. 


Figs. 56, 57. Double pollen grains ( January 18, 1956 ). 
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darkly staining nucleus with a cytoplasmic 
sheath around it — this is the prothallial 
cell (Fig. 54). The two cells are always 
found in close proximity to one another. 
The prothallial cell persists for a long time, 
being recognizable even after the pollen 
grains have germinated. 

A few pollen grains showed four nuclei 
(Fig. 55). The origin of the fourth 
nucleus could not be traced ( cf. Fagerlind, 
1941). In one case it appeared to have 
arisen from the division of the generative 
cell suggesting the possibilities of its being 
a stalk nucleus. 

Occasionally double pollen grains are 
seen. These may be uni- (Fig. 56), 
bi- or trinucleate; or one may be bi- and 
thes-otner = trinucleate (Fig. 57). It 
appears that such pollen grains arise by 
the non-separation of the two or more 
cells of a tetrad. Each of them develops 
the exine and intine. 


Female Flower 


As already mentioned, the ovule has 
three envelopes which develop centri- 
petally. The outer, which is initiated at a 
very early stage (Fig. 61), is several- 
layered and leaves only a narrow opening 
at the top (Figs. 64, 65). The outer 
epidermis of this envelope is interrupted 
at places by the presence of stomata. 
Sclereids and laticiferous ducts are abun- 
dant in the mesophyll. This envelope is 
usually called the ‘ perianth ’. 

The middle envelope, which arises next, 
is 6 to 10-layered (Fig. 62). After mega- 
sporogenesis the cells at its upper end 
divide and enlarge considerably so that 
this part becomes massive and forms a 
sort of a bottleneck ( Fig. 68). Sclereids 
are also present in this envelope which is 
sometimes known as the ‘ outer integu- 
ment’. Stomata occur on the outer 
epidermis. In many ovules the cells lying 
at the tip of this envelope had proliferated 
to form long protuberances just outside 
the inner envelope ( Fig. 68). Whether 
this was due to insect attack or some other 
reason could not be determined. 

The third envelope, which arises last, 
is initiated only at the time when the 
archesporial cells begin to differentiate 
(Fig. 63). It is fused with the nucellus in 
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its lower part and is 5 to 6-layered through- 
out. In the beginning it grows slowly 
( Fig. 64) but by the time the megaspore 
mother cells are preparing for meiosis 
it has already outgrown the middle en- 
velope and projected considerably be- 
yond it to form the so-called ‘ micropylar 
tube’ or ‘style’. The walls of the cells 
situated at its upper end become brown 
and later black. Ultimately this portion 
dries and breaks down. Stomata and 
laticiferous ducts are absent from this 
envelope. In G. africanum ( Waterkeyn, 
1954) a fringe is formed from its outer 
epidermis but this is absent in G. ula. 

During the early development of the 
female gametophyte a few cells of the 
inner epidermis of the micropylar tube 
begin elongating in the radial direction, 
ie. at right angles to the axis of the 
micropylar tube ( Fig. 66). They become 
conspicuous by their dense cytoplasm and 
after the entry of the pollen grains the 
micropylar canal is completely plugged 
by them ( Fig. 67). In some ovules the 
cells had elongated to such an extent that 
they had bent towards the pollen chamber, 
and simulated the pollen tubes. 

Normally the micropylar tube grows 
straight. However, in many ovules one 
side of this tube is bent in such a way as 
to form a lid-like structure just above the 
nucellus. In some ovules the cells of the 
outer epidermis situated near the middle 
of the tube produced irregular pro- 
tuberances, which formed a conspicuous 
bunch (Fig. 13). Possibly this is a res- 
ponse to insect attack but this has to be 
confirmed by further work. 

Some ovules showed an additional 
fourth envelope, situated between the 
inner and the middle envelopes ( Fig. 68 ). 
In many ovules the inner envelope aborts, 
or, even if present, it remains arrested. 
In such cases the middle envelope, or 
the fourth extra envelope, if present, 
replaces the inner envelope in form and 
function. In some ovules the middle 
envelope had elongated as much as the 
inner. Rarely it showed on its inner 
surface the radially projecting cells nor- 
mally seen only in the micropylar tube. 
The fourth extra envelope too, if present, 
develops the elongated cells on its inner 
side ( Fig. 68 ). 


TATU 
a 
ul; 
ss ti 
SSII 
sg ll) 
Sti} 

Il 

yl 

| 

! 

| 


61 


65 
Fies. 58-65. 


VIMLA VASIL — MORPHOLOGY AND EMBRYOLOGY OF GNETUM 


The nucellus is fairly massive even at 
the 2- or 4-nucleate stage of the female 
gametophyte. The nucellar epidermis 
undergoes periclinal divisions so that the 
gametophyte is buried deep into the 
nucellus. While the megaspore mother 
cells are preparing for meiosis I, some 
of the nucellar cells situated below them 
divide to initiate the so-called ‘ pavement 
tissue”. Further divisions increase its 
mass, but the celis maintain their regular 
arrangement (Fig. 69). They become 
richly cytoplasmic and as the intervening 
cells dissolve the pavement tissue comes in 
direct contact with the female gameto- 
phyte. The protoplasm in the pavement 
tissue is densest when the female gameto- 
phyte has approximately 250 nuclei. 
As it continues to elongate in the chalazal 
direction, the nutritive cells of the pave- 
ment tissue are gradually absorbed ( Fig. 
70). The tissue is completely obliterated by 
the time of the differentiation of the eggs. 

The upper end of the nucellus becomes 
somewhat conical. After the completion 
of megasporogenesis the cells of this point- 
ed portion stain more lightly and show 
signs of degeneration (Fig. 71). First the 
cytoplasm disappears and then the nuclei 
and cell walls break down. This progres- 
sive degeneration results in a shallow 
pollen chamber (Fig. 72). The cells 
situated at the base of the chamber form 
papillate projections. The pollen grains 
become lodged in the chamber after pas- 
sing through the micropyle (Fig. 73 ). 

The cells of the nucellus lying between 
the pollen chamber and the female gameto- 
phyte show abundant starch grains at the 
time of pollination. During later stages 
the nucellus is nearly consumed on all sides 
by the growing endosperm. Only the cells 
in the apical part become highly cutinized 
and persist in the seed. 


<— 
Fics. 58-65 — Organogeny of the ovule. 
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Two or three hypodermal archesporial 
cells can usually be recognized in the 
nucellus about the time of the initiation 
of the inner envelope (Fig. 74). Two 
or more hypodermal archesporial cells 
have also been reported by Strasburger 
(1872), Thompson (1916), Fagerlind 
(1941) and Apte & Kulkarni (1953). 
The archesporial cells divide periclinally 
to form the primary parietal cells and the 
sporogenous cells ( Fig. 75). The parietal 
cells and the cells of the nucellar epidermis 
divide to produce a massive nucellar 
tissue. In Fig. 76 the epidermis and the 
primary parietal cells have each undergone 
one division. 

The sporogenous cells undergo one or 
two divisions resulting in the formation of 
about 8-10 megaspore mother cells ( Fig. 
77). No wall is laid down in the mega- 
spore mother cell after meiosis I ( Figs. 78, 
79) and the two nuclei separate to the 
poles (Fig. 80). Since meiosis is not 
synchronous in all the developing mega- 
spore mother cells, a number of stages may 
be found in the same nucellus. Consider- 
able time elapses before the setting in of 
meiosis II; meanwhile most of the other 
developing megaspore mother cells degene- 
rate. The two nuclei next move towards 
the centre ( Fig. 81 ) and the next division 
( Fig. 82) results in the formation of a 
tetranucleate coenomegaspore ( Figs. 83, 
84). Vacuolation commences at this 
stage. The development of the female 
gametophyte is, therefore, neither mono- 
sporic nor bisporic, but tetrasporic — a 
condition not known in any other genus 
of gymnosperms. This supports the ob- 
servations of Fagerlind (1941) and 
Waterkeyn ( 1954) on G. gnemon ovalifoha 
and G. africanum respectively (see also 


Fig. 58. L.s. very young female cone ( December 8, 


1956). x 30. Fig. 59. Portion of a collar after the appearance of the meristematic cells on its 


under surface ( December 8, 1956). x 137. 
the meristematic cells ( December 8, 1956 ). 


sporial cell stage. 
L.s. same, at the megaspore mother cell stage. 


to form the micropylar tube ( January 17, 1956). x 


Fig. 60. Same, after the formation of a hump from 
2137 

first two envelopes of the ovule ( December 8, 1956 ). 5 
The third envelope is also initiating ( December 8, 1956 > 
Note the gradual elongation of the inner envelope 


Figs. 61, 62. Stages in the initiation of the 
< 123. Fig. 63. L.s. ovule at the arche- 
x 123. Figs. 64, 65. 


123. 


Fics. 66-70 — Micropylar tube and pavement tissue (the outer envelope had been removed 
in these ovules to facilitate sectioning). Fig. 66. Lis. upper part of ovule showing elonga- 
tion of the cells of the inner epidermis of the micropylar tube ( January 29, 1956). x 124. Fig. 67. 
L.s. upper portion of the micropylar tube enlarged to show the interlocking cells of the inner epi- 


dermis ( February 5, 1957). x 124. Fig. 68. Abnormal ovule showing an extra envelope between 
the inner and the middle envelopes ( February 5, 1957). x 53. Fig. 69. L.s. part of nucellus showing 
cells of the pavement tissue arranged in regular rows ( January 17, 1956). x 470. Fig. 70. Pave- 
ment tissue at a much older stage ( February 5, 1957). x 320. 
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Negi & Madhulata, 1957). In G. afri- 
canum ephemeral cell plates have been 
seen at the end of meiosis I and II but 
these were not found in my material of 
G. ula, nor were they seen by Fagerlind. 

Although many megaspore mother cells 
start developing ( Figs. 78, 79), only two 
or three, rarely four, go beyond the 8- 
nucleate stage while the rest degenerate. 
As the megaspore mother cells often lie 
in rows, the degenerated cells above the 
functional mother cell may be mistaken for 
the non-functional megaspores of a tetrad 
( Fig. 83). A careful study of scores of 
ovules leaves no doubt, however, that 
contrary to the statements of Strasburger 
(1872), Karsten (1893), Thompson 
(1916) and Apte & Kulkarni (1953), a 
megaspore tetrad is never formed in G. ula. 

In G. ula an occasional archesporial cell 
may function directly as a megaspore 
mother cell without cutting off a parietal 
cell. Sometimnes in later stages one or 
more megaspore mother cells are found 
to be situated at a higher level than the 
“obligatory megaspore mother cells ” and 
are separated from the latter by ordinary 
somatic cells. Probably some of these 
mother cells are derived from the parietal 
cells which have secondarily acquired an 
archesporial character (see Fagerlind, 
1941 ). 

A large number of ovules showed two 
young free nuclear female gametophytes 
separated by degenerated or healthy 
nucellar cells. In the first case the game- 
tophytes probably developed from two 
megaspore mother cells lying at the two 
ends of a row of megaspore mother cells, 
in which the intervening mother cells 
degenerated. In the second type it is 
possible that the upper of the two gameto- 
phytes is derived from a parietal cell 
which had taken over the sporogenous 
function. 


Fics. 71-73 — Pollen chamber. Fig. 71. L.s. 
upper part of nucellus showing the gradual 
degeneration of its apical cells ( January 17, 
1956). x 320. Fig. 72. Pollen chamber formed 
at the apex of the nucellus ( January 17, 1956 ). 
x 320. Fig. 73. Germinating pollen grains in 
the pollen chamber ( February 5, 1957). > 320. 
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Fics. 74-84 — Megasporogenesis. Fig. 74. L.s. nucellus showing two 'archesporial cells 
{ December 8, 1956). x 307. Figs. 75, 76. Same, with only one and with four sporogenous cells 
( December 31, 1956). x 307. Fig. 77. Nucellus showing the megaspore mother cells ( January 
171956) 307.) Figs. 78.479, les trices showing meiosis I; no cell plate is seen ( January 
17, 1956). x 307. Fig. 80. L.s. nucellus with a two-nucleate megaspore mother cell and an accessory 
enlarging mother cell above it ( January 17, 1956). x307. Fig. 81. Portion of nucellus showing binu- 
cleate megaspore mother cells ( January 17, 1956). x 307. Fig. 82. Meiosis II in the upper of the two 
megaspore mother cells ( January 17, 1956). x 307. Figs. 83, 84. Four-nucleate coenomegaspores 
( January 17, 1956). x 307. 


VIMLA VASIL— MORPHOLOGY AND EMBRYOLOGY OF GNETUM 


ABORTIVE OVULES IN THE MALE CONES 
— The early development of these ovules 
corresponds very closely with that of 
the healthy ovules in the female cones. 
However, as already stated, the middle en- 
velope is usually abortive here ( Fig. 88 ) 
although in some cases it may also grow 
as in the ovules of the female cone. 

One or two hypodermal archesporial 
cells differentiate in the nucellus earlier 
than in the ovules of the female cones 
( Figs. 85, 86). These form the primary 
parietal cells and the sporogenous cells 
(Fig. 87). The latter, after one or two 
divisions, give rise to 4-8 megaspore 
mother cells. Sometimes one or two 
archesporial cells function directly as the 
sporogenous cells. The extent of the 


nucellar tissue lying above the megaspore 
mother cells is much less here than in the 
ovules of the female cone. 

Many ovules never grow beyond the 
-megaspore mother cell stage; others com- 
plete the first meiotic division ( Fig. 89 ). 


Fics. 85-89— Abortive ovules from male cone. 
Fig. 85. L.s. ovule at the archesporial cell stage 
(December 7, 1956). x 185. Fig. 86. Les. 
nucellus showing two archesporial cells one of 
which is dividing ( December 7, 1956 ). x 460. 
Fig. 87. Older stage showing sporogenous cells 
( December 7, 1956 ). x 460. Fig. 88. L.s. ovule 
with the arrested middle envelope ( December 7, 
1956). x 185. Fig. 89. Megaspore mother cells; 
some in division ( January 17, 1956). x 460. 
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Older ovules showed only degenerated cells 
in the centre. In other species of Gnetum, 
namely G. gnemon and G. africanum, the 
ovules in the male cones occasionally 
develop normally and ripen into mature 
seeds (see Lotsy, 1899; Pearson, 1914; 
Thompson, 1916; Pearson & Thomson, 
1917; Madhulata, unpublished). How- 
ever, inG. ula ovules in the male cones were 
never found to develop beyond the 2- 
nucleate stage of the megaspore mother 
cell. 


Female Gametophyte 


The 4-nucleate coenomegaspore or fe- 
male gametophyte is more or less ovoid 
with the nuclei aggregated in the centre 
( Fig. 83). Most of the megaspore mother 
cells degenerate before meiosis II, so that 
normally only one 4-nucleate female 
gametophyte is seen in an ovule. How- 
ever, many ovules do contain two ( Fig. 
82), three or even four gametophytes at 
different stages of development. 

The subsequent nuclear divisions in the 
female gametophyte take place in the 
usual gymnospermic fashion. A large 
vacuole appears in the centre of the gam- 
etophyte and the free nuclei which are now 
situated in the peripheral cytoplasmic 
layer ( Fig. 84) undergo repeated divisions 
which are all synchronous at least in the 
beginning (Figs. 90-92, 95). As these 
divisions continue, the upper part of the 
gametophyte becomes wider and contains 
a large vacuole while the lower part shows 
a greater accumulation of the cytoplasm 
( Figs. 93-95). As the gametophyte en- 
larges further, the lower part becomes 
elongated and at the 1400- or 1500- 
nucleate stage the gametophyte takes on 
the form of an inverted flask ( Figs. 100, 
101 ). 

The accessory gametophytes in the 
nucellus do not elongate much and contain 
fewer nuclei. These are generally situated 
above the main gametophyte ( Figs. 96, 
97) and eventually degenerate. 

At least in some cases the division of the 
nuclei is of the intranuclear type and the 
nuclear membrane surrounds the chro- 
mosomes and the spindle ( Fig. 98). The 
nuclear membrane disappears at the ana- 
phase stage. More than 1500 free nuclei 
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have been counted. Though nuclear divi- 
sions are synchronous in the beginning, 
in later stages different regions of the 
gametophyte show different stages of 
mitosis. In most species of Gnetum the 
gametophyte elongates towards the chala- 
zal end, but in G. ula some gametophytes 
also grow towards the micropyle resulting 
in the formation of a spindle-shaped 
structure with both ends tapering ( Fig. 
99). Ina few instances the growth at the 
upper end was so extensive that the tip 
of the female gametophyte almost reached 
the tip of the nucellus, being separat- 
ed from the latter only by two or three 
layers of.cells. 

Cell formation begins at the base of the 
gametophyte (Figs. 124, 125) and gra- 
dually proceeds upwards ( Figs. 126, 127). 
However, it normally never reaches 
beyond the base of the upper expanded 
part, so that this portion remains free 
nuclear (Figs. 128, 129). Even before 
the basal cellular mass has been formed, 
a few pollen tubes can be seen inside the 
gametophyte ( Fig. 100). The next stage 
is the appearance of groups of cells in the 
upper free nuclear part of the gameto- 
phyte. The number of these groups varies 
from one to four. Each group consists of 
3-8 cells ( Figs. 120, 121). These cells are 
easily distinguished from the free nuclei 
in the gametophyte and are generally 
present in the vicinity of the pollen tubes. 
One or rarely two cells of each group 
function as eggs. Thus, in G. ula the egg 
and its cytoplasm are delimited from the 
rest of the female gametophyte by a de- 
finite wall ( Figs. 119, 123 ) although this 
has not been clearly seen in Gnetum by 
previous investigators. 

Not all the pollen tubes reach the female 
gametophyte at the same time-nor do all 
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the eggs differentiate simultaneously. As 
soon as one of the eggs is fertilized, wall 
formation begins in the upper part of the 
gametophyte most of which has so far 
remained free nuclear. Differentiation of 
additional eggs continues even after the 
fertilization of one egg. By the time the 
second or the third egg differentiates, the 
upper part of the gametophyte is nearly 
all cellular. 


Pollen Tube 


The tip of the micropylar tube becomes 
flaring and lacerated when the female 
gametophyte has 200 to 250 nuclei. The 
pollen grains become lodged in a polli- 
nation drop (Lotsy, 1899). With the 
drying of the latter they are sucked in and 
germinate in the pollen chamber! ( Figs. 
102, 103). At this stage, or shortly after 
this, they show a number of starch grains 
scattered in the cytoplasm (Fig. 104). 
On germination the exine is thrown off and 
the intine grows out into a tube at a point 
nearest to the tube nucleus ( Figs. 103, 
104). Though the micropylar tube often 
contains a large number of pollen grains, 
germinating grains were never seen in this 
region. In a few ovules the pollen grains 
were found to germinate slightly above 
the pollen chamber and near the base of 
micropylar tube, but this was very ex- 
ceptional. 


not comparable with the well-developed struc- 
ture present in the Cycadales and Ginkgoales, 
not even with that of the Ephedrales. How- 
ever, there is a disintegration of some of the 
apical cells of the nucellus resulting in a shallow 
cavity (see p. 179). 
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Fras. 90-101 — Female gametophyte. Figs. 90-95. Younger stages showing free nuclear 
gametophytes. Note the synchronous divisions of the nuclei in Fig. 95 ( Figs. 90, 91 — January 
17, 1956. x 410; rest January 29, 1956. x 187). Figs. 96, 97. Development of two and three 
free nuclear gametophytes ( January 29, 1956).x 187. Fig. 98. Young gametophyte showing 
intra-nuclear divisions ( January 17, 1956). x 410. Fig. 99. Abnormal female gametophyte 
(February 5, 1957) x 40. Fig. 100. Later stage of free nuclear gametophyte. On the right 
side is a pollen tube with two male cells and the tube nucleus ( February 5, 1957). 187. Fig. 101. 


L.s. ovule with free nuclear female gametophyte. 
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entered the gametophyte ( February 5, 1957). 


Note the two pollen tubes one of which has 


Figs. 102-116. 
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The tube nucleus is the first to enter the 
tube (Fig. 105) and it is only when the 
tube has penetrated about half way 
through the nucellus that the generative 
cell passes into it ( Figs. 106, 107). The 
prothallial cell remains in the pollen grain 
( Figs. 73, 107 ) and ultimately degenerates 
in situ. In only one abnormal case was 
the prothallial cell seen in a pollen tube 
which had reached nearly half the length 
of the nucellus. 

The tube nucleus is generally ahead of 
the generative cell, although once the 
reverse condition was also observed. The 
generative cell divides when the pollen 
tube has crossed more than half the length 
of the nucellus (see also Karsten, 1893 ). 
However, a few pollen tubes which had 
nearly touched the tip of the female 
gametophyte still showed the undivided 
generative cell ( Figs. 108, 109). A few 
divisional stages have been seen in the 
formation of the two male gametes 
( Figs. 110, 111) which are of similar size 
(Figs. 112-114). During the division, 
the spindle may lie in the axis of the pollen 
tube or at right angles to it or in a slightly 
diagonal plane so that the male cells lie in 
varying positions. A distinct cytoplasmic 
sheath surrounds the nucleus of the male 
gametes ( Figs. 112-114, 116,117). After 
the formation of the two male cells the 
movement of the tube nucleus slows down 
so that at the time the pollen tube enters 
the female gametophyte, the tube nucleus 
generally lies behind the male cells. 

A very large number of pollen grains 
germinate in the pollen chamber ( Fig. 73 ) 
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so that normally a nucellus shows about 
2-10 pollen tubes at different levels 
( Figs. 108, 115). The tubes usually enter 
the female gametophyte laterally but 
sometimes they may enter through its 
apex. 

In some ovules the female gametophyte 
fails to develop and the nucellus shows 
just an empty cavity which may neverthe- 
less be invaded by the pollen tubes. 


Fertilization 


The pollen tubes reach the female 
gametophyte any time after 700-800 free 
nuclei have been formed ( Figs. 108, 117, 
118). Normally, 1-4 pollen tubes are seen 
in a gametophyte ( Fig. 100). Thompson 
(1916) writes that in G. leptostachyum 
the pollen tube bursts at the periphery of 
the female gametophyte but this was 
never seen in the present material, and 
unopened tubes have often been observed 
in the vicinity of the groups of cells formed 
in the upper free nuclear part of the 
gametophyte. Soon after the differentia- 
tion of the egg from one of the cells of a 
group, an adjacent pollen tube releases 
the two male cells (Fig. 119). Since 
usually only one zygote is seen in each 
group of cells, it seems likely that only one 
of the male cells is utilized in fertilization. 

In one preparation showing fertilization, 
two eggs were seen lying one above the 
other in a group of cells and in contact 
with a pollen tube. The tube nucleus was 
still in the tube but both the male nuclei 
had entered the eggs ( Fig. 123). In the 
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Fics. 102-116 — Pollen germination and pollen tube. 


Fig. 102. L.s. ovule having young free 


nuclear gametophyte, showing germination of pollen (the outer envelope had been removed ). 
(January 29, 1956). x 23. Figs. 103, 104. Germinating pollen grains in the pollen chamber 
( January 29, 1956). x 472. Fig. 105. Germinated pollen grain showing the tube nucleus in the 
tube and the prothallial and the generative cells in the grain ( January 29, 1956 ). x 320. Figs. 106, 
107. Same, showing gradual entry of the generative cell into the pollen tube and retention of the 
prothallial cell near the grain end of the tube ( January 29, 1956). x 320. Fig. 108. L.s. nucellus 
with part of the inner envelope drawn to show the course of the pollen tubes in the nucellus 
( January 29, 1956). x 31. Fig. 109. Marked portion of the pollen tube from Fig. 108 enlarged 
to show the undivided generative cell and the tube nucleus just prior to its entry into the female 
gamétophyte ( January 29, 1956). x 320. Figs. 110, 111. Portions of pollen tubes showing gene- 


rative cell in division; the tube nucleus is seen lying close to the former ( February 5, 1957). x 742. 
Fig. 112. A complete tube showing the two male cells and the tube nucleus ( February 5, 1957 ). 
x 182. Figs. 113, 114, 116. Portions of pollen tubes showing the male cells and the tube nucleus 
(February 5, 1957). x 742. Fig. 115. L.s. ovule with a number of pollen tubes in the nucellus 


(February 5, 1957). x 31. 
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lower egg the sheath of the male cell could It would thus appear that both the male 
be seen in the form of a very light-coloured cells can function if two eggs are available 
mass of cytoplasm (Figs. 122, 123) at and that only the male nucleus enters the 


what must have been the point of entry. egg. Thompson’s ( 1916) report that only 


Fics. 117-123 — Fertilization (e, egg; e, and e,, two egg cells; mc, male cells; m, and mg, first 
and second male cells; pt, pollen tube; in tube nucleus ). Fig. 117. A portion of the upper part of 
a female gametophyte enlarged to show the two male cells and the tube nucleus inside the pollen 
tube ( February 5, 1957). x 360. Fig. 118. Free nuclear female gametophyte showing the portion 
marked in Fig. 117; the pollen tube is entering on the left side ( Hebruary 5, 1957). x 232 21521198 
Magnified view of a portion of the female gametophyte drawn to show the egg and the two male 
cells ( February 5, 1957). x 360. Fig. 120. L.s. female gametophyte after cell formation in the 
neck portion of the gametophyte ( February 5, 1957). x 23. Fig. 121. Marked portion from 
Fig. 120 magnified to show a group of richly cytoplasmic cells in the micropylar part of the 
gametophyte ( February 5, 1957). x 360. Fig. 122. L.s. nucellus showing female gametophyte 
at the time of fertilization ( February 5, 1957 ). x 23. Fig. 123. Enlarged view of the marked 
portion in Fig. 122 to show fertilization. The two male cells are seen adpressed to the two egg 
nuclei. The pollen tube which is seen on the left shows the tube nucleus ( February 5, 1957). x 360. 
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one male cell is functional seems to owe 
itself to the fact that normally the eggs 
occur singly and not in pairs. 

In another preparation the female 
gametophyte showed a well organized 
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Fics. 124-131 — Endosperm. 


development of the endosperm ( February 5, 1957). x 39. 
ends of the gametophytes in Figs. 124 and 126 respecti 
compartments in the endosperm ( February 5, 
gametophyte enlarged from the upper part of Fig. 
Fig. 130. Portion of the endosperm drawn to show the 
the fusion of nuclei in each compartment (February 5, 1957 ). 


x 410. 
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zygote surrounded by richly cytoplasmic 
cells. The lower part of the gametophyte 
was filled with cells. Near the zygote 
there was an egg surrounded by one or two 
layers of very small and degenerated cells. 


Figs. 124, 126, 128. L.s. female gametophytes drawn to show 


Figs. 125, 127. Magnified view of lower 
vely showing the formation of multinucleate 
< 410. Fig. 129. Portion of the female 
128 showing free nuclei ( February 5, 1957). 
formation of uninucleate cells after 

x 410. Fig. 131. Lower part of 


the endosperm during a later stage (February 19, 1957). x 410. 
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Above these smaller cells was a pollen 
tube with two male cells ( Fig. 119). The 
small cells surrounding the egg are not seen 
after fertilization or even during ferti- 
lization (Fig. 123). Possibly they are 
utilized in the nourishment of the egg 
and are consumed before or during fer- 
tilization. 

Lotsy ( 1903 ) reported parthenogenesis 
in G. ula as he failed to see any pollen tubes 
either in the nucellus or the female gameto- 
phyte. In the present material, on the 
contrary, not only were the pollen tubes 
common but actual fertilization was also 
observed. The fact that few such stages 
were found in comparison with the large 
number of preparations showing zygotes 
may be due to the very short interval 
between the differentiation of the egg and 
fertilization. 


Endosperm 


Wall formation in the gametophyte 
occurs in such a way as to include several 
nuclei in each cell, ( Fig. 127). These 
so-called compartments are formed in the 
neck-like part ( Fig. 128) but not in the 
free nuclear bulbous part of the gameto- 
phyte (Figs. 128, 129). The nuclei in 
each compartment fuse into a large poly- 
ploid body having several nucleoli ( Fig. 
130 ) which ultimately fuse into one single 
nucleolus. Sometimes, however, two or 
three nuclear masses are produced which 
later fuse to form one large nucleus. The 
fusion starts at the base and gradually 
extends upwards so that multinucleate as 
well as uninucleate compartments can be 
observed in the same gametophyte. 

The uninucleate compartments thus 
formed become subdivided into smaller 
cells ( Fig. 131) so as to result in a dense 
and compact tissue at the base of the 
gametophyte. With further growth the 
endosperm broadens at the expense of the 
surrounding cells of the nucellus which are 
consumed both on the sides and at the 
base. 

Meanwhile, the upper free nuclear part 
of the gametophyte (Figs. 128, 129) 
undergoes many changes which have al- 
ready been described in connection with 
the differentiation of the egg. In many 
of the gametophytes starch grains are 
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freely scattered in the cytoplasm of the 
upper bulbous part. 

At the time of fertilization the gameto- 
phyte thus consists of a cellular endosperm 
at the base, and groups of conspicuous cells 
among the free nuclei in the upper part. 

After fertilization many of the nuclei 
in the upper part degenerate. Walls are 
now laid down in the rest of the free 
nuclear portion of the gametophyte ( Fig. 
137). The cells around the zygotes are 
more prominent than the others but are 
gradually consumed by the growth of the 
former. Thus the main bulk of the endo- 
sperm in G. ula comes from the lower part 
of the gametophyte as also in G. leptos- 
tachyum (Thompson, 1916). The chief 
difference is that in G. ula wall formation 
takes place first in the basal part while in 
G. leptostachyum it occurs simultaneously in 
the upper as well as the lower part. In 
G. gnemon the upper part never becomes 
cellular (Thompson, 1916 ). 

With further growth the lower part of 
the endosperm becomes broader than the 
upper ( Figs. 132-134). Later the upper 
part of the gametophyte is further con- 
sumed by the down-growing suspensors. 
Finally the gametophyte assumes an oval 
form ( Figs. 135, 136) with the upper part 
greatly compressed and crushed. The 
cells in the centre of the endosperm be- 
come more compact than elsewhere ( Figs. 
133-136). Starch grains and other food 
reserves appear in abundance in the upper 
half of the endosperm. The cells on the 
sides are quite thick-walled and their nu- 
clei are almost inconspicuous. When the 
seeds fall to the ground, the endosperm 
is packed with food reserves which enable 
the young undifferentiated embryo to 
continue its growth till germination. 

One ovule showed two female gameto- 
phytes of which the younger was lying 
above the older (Fig. 158). A cellular 
endosperm was present in both indicating 
a stage considerably after fertilization. 


Embryo 


DIVISION OF THE ZYGOTE AND DEVELOP- 
MENT OF PRIMARY SUSPENSORS — The 
zygote is a large and densely cytoplasmic 
cell and shows an exceedingly prominent 
nucleus. It is always seen close to a 
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pollen tube. One to four zygotes may be 
seen in a single gametophyte ( Fig. 137). 

The first division of the zygote ( Figs. 
138, 139) is accompanied by a wall result- 
ing in two daughter cells both of which 
elongate to form tube-like structures 
(Fig. 140). Further division may not 
occur in both the tubes at the same time 
and one of them may divide earlier than 
the other ( Figs. 141-144). After two or 
three divisions in each tube, a branched 
structure is produced in which each cell is 
uninucleate although an occasional branch 
may be devoid of a nucleus. The original 
two cells of the zygote become bulbous by 
this time ( Fig. 146). Since the region of 
contact between the two cells is very 
small, each appears to be of independent 
origin ( Figs. 144, 146) so as to give the 
impression of the presence of two zygotes. 
In Fig. 145 it has not been possible to find 
out whether the two large cells represent 
zygotes or the daughter cells formed after 
the first division of the zygote. The 
tubes formed from the two cells of the 
zygote are variously known as pro- 
embryonal tubes, suspensor tubes or 
primary suspensor tubes. They are here 
designated as primary suspensor tubes. 

As already stated the primary suspensor 
tubes elongate considerably, the tip con- 
taining dense cytoplasm and a single 
nucleus. As each suspensor tube branches 
to produce at least four or five tubes and 
there are normally three or four zygotes 
in a single gametophyte, the total number 
of primary suspensor tubes becomes very 
large ( Figs. 153-157, 159). In the forma- 
tion of a new primary suspensor tube the 
nucleus of the originai tube divides 
( Fig. 147 ) followed by the laying down of 
a transverse wall ( Fig. 148). The lower 
cell elongates as such while the wall of the 
upper cell bulges out on one side just 
above the separating transverse wall 
(Fig. 149). This bulge increases in 
length, followed by the migration of the 
nucleus and the cytoplasm into it ( Fig. 
150), and forms a new primary suspensor 
tube. Thus each tube gives rise to two 
tubes both of which are capable of further 
proliferation. The tubes grow in all 
directions. Some of them enter the endo- 
sperm, others pass out of the gameto- 
phyte into the nucellar tissue ( Fig. 154) 
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and still others grow over the periphery of 
the gametophyte (Figs. 154, 159). Those, 
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Fics. 132-136 — Endosperm. Diagrammatic 
representation of the gradual development of the 


endosperm. In Figs. 133-136 a small densely 
packed strip of cells is seen in the middle of 
endosperm. Note the primary suspensor tubes 
in the upper part of the endosperm ( Fig. 132 


March 2, 1957; Figs. 133, 134 — March 15, 1957; 
Figs. 135, 136 — April 10, 1957). Figs. 132-134. 
MAO FIRE 138, 1365 8.7; 


Fics. 137-146. 


VIMLA VASIL—MORPHOLOGY AND EMBRYOLOGY OF GNETUM 193 


which had penetrated the surrounding 
nucellar tissue, return and re-enter the 
gametophyte ( Figs. 155, 159-161). Owing 
to their tortuous course, it becomes diffi- 
cult to trace the tubes in microtome sec- 
tions. Since all the primary suspensor 
tubes eventually grow down in the endo- 
sperm, there is seen in the centre of the 
endosperm a prominent mass of long coiled 
tubes which can be dissected out without 
much difficulty ( Figs. 133-136). Due to 
coiling the tubes appear to be much 
shorter than they actually are. At its 
lower end each primary suspensor tube 
still contains a single nucleus embedded 
in dense cytoplasm. At times the primary 
suspensor tube gives rise to a number of 
short protuberances without any nuclei 
(Fig. 152). One or two of these pro- 
tuberances may elongate to form addi- 
tional tubes but only one of them shows a 
nucleus (Fig. 151). The time required 
by the zygote to reach this stage is 
approximately 6-7 months by which time 
the uppermost part of the original female 
gametophyte isin a degenerated condition. 

In many ovules, in which the endosperm 
was apparently in a rather unhealthy state, 
the primary suspensor tubes had come out 
from its basal end (Figs. 162-164). 
Similar examples had been observed by 
Lotsy (1899) in G. gnemon, Thompson 
(1916) in G. moluccense and Waterkeyn 
( 1954 ) in G. africanum, but all such tubes 
ultimately degenerated. 

According to Haining (1920) in G. 
funiculare and G. gnemon the primary 


suspensor tubes remain wide apart and 
there is no coiling at any stage. 

DEVELOPMENT OF THE EMBRYONAL 
Mass — The primary suspensor tubes 
cease to branch after they have formed 
the coiled structure in the centre of the 
gametophyte. The nucleus of a tube now 
divides to form two unequal nuclei, the 
smaller of which is imbedded in the denser 
cytoplasm at the tip of the tube ( Figs. 
165, 166). Later this becomes cut off 
from the rest of the tube by a thin wall 
whose origin has not yet been traced. 
Slightly older suspensor tubes show an 
elongation of this so-called “ peculiar cell ”’ 
towards the upper end of the tube ( Fig. 
167). The other nucleus of the primary 
suspensor tube is large but poor in chro- 
matin and usually degenerates. Only in 
a few cases was it seen to persist till the 
differentiation of the secondary suspensor 
(to be described later; Fig. 179). The 
seed is shed at this stage and further 
development takes place in the soil. 

The “ peculiar cell ” is not thrown out 
of the tube [on this point Fagerlind 
(1941) misinterprets Haining (1920) | 
but remains inside the tube and becomes 
rounded (Fig. 168). At this stage the 
wall of the primary suspensor tube be- 
comes thickened but it is thin in the part 
containing the peculiar cell. This now 
divides to produce two cells which may lie 
one above the other ( Fig. 169) or side by 
side ( Fig. 170 ) depending on the direction 
of the wall. The next division is always 
vertical. When the previous division is 
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Fics. 137-146 — Division of zygote (ps, primary suspensor tubes; ff, pollen tube; z, 


zygote ). 


Fig. 137. Upper part of the female gametophyte drawn to show the zygotes formed after fertilization ; 


four pollen tubes are seen inside the gametophyte ( February 19, 1957). 
ovule after formation of the zygote ( February 19, 1957 ). x 23. 


4137: Rigskt es 4125 
Fig. 139. Enlarged view of marked 


portion in Fig. 138 showing dividing zygote; note the empty pollen tube below the zygote ( Febru- 
ary, 19, 1957). x 360. Fig. 140. A portion of female gametophyte magnified to show the two 
primary suspensor tubes formed from the zygote ( February 25, 1956). x 360. Fig. 141. Three 
primary suspensor tubes in the gametophyte; note one pollen tube with its tube nucleus on upper 
rightside ( February 25, 1956). x 360. Fig. 142. Two primary suspensor tubes of which the one on 
the left has cut off another daughter cell ( February 25, 1956). x 307. Figs. 143, 144. Each of 
the two primary suspensor tubes has divided to form two cells (the wall separating the nuclei of 
the left primary suspensor tube was not clear ) ( February 25, 1956 ). x 307. Fig. 145. Portion 
of female gametophyte drawn to show two large, richly cytoplasmic and conspicuous cells which 
could be either the zygotes or a pair of primary suspensor tubes formed after the first division of 
the zygote (February 25, 1956). x 360. Fig. 146. Later stage in the formation of additional 
primary suspensor tubes ( February 25, 1956). x 307. 
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vertical, the second is in a plane at right 
angles to the first. Generally both the 
cells, formed after the first division, divide 
simultaneously. However, in one instance 
the upper alone had divided to produce a 
3-celled condition ( Fig. 171). 

The four cells are normally of a similar 
size but sometimes the cells towards the 
wall were found to be smaller than the 
upper cells ( Fig. 169). The third division 
is transverse and produces eight cells 
(Fig. 172). Further divisions are irre- 
gular (Figs. 174, 175). As this mass of 
cells increases, the original primary sus- 
pensor tube shows signs of degeneration. 
Since there are many primary suspensor 
units developing in several directions 
( Figs. 173, 181 ), this part of the embryo- 
geny was studied by dissections rather 
than by sections. 

The coiled tubes grow at the expense of 
the surrounding endosperm cells so that a 
cavity is formed in their neighbourhood. 
In one preparation the end of the primary 
suspensor tube showed five to seven 
problematic bodies which resembled nuclei 
but were not in a healthy state. In 
another the tip of the primary suspensor 
tube had produced two projections. Such 
abnormal primary suspensor tubes prob- 
ably degenerate. 

DEVELOPMENT OF THE SECONDARY SUS- 
PENSOR AND DIFFERENTIATION OF THE 
COTYLEDONS — As the mass of cells 
present at the tip of the primary suspensor 
tube increases in size, those of its cells 
which lie towards the primary suspensor 
elongate and divide to form the so-called 
“secondary suspensor ”’ ( Figs. 176-180). 
These cells are generally thin-walled, uni- 
nucleate and greatly vacuolate. The cells 
lying at the lower end of the secondary 
suspensor remain compact and densely 
cytoplasmic; these contribute to the 
embryo proper ( Figs. 179, 180). As the 
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Figs. 147-152 — Branching of primary suspen- 
sor tubes. Figs. 147-150. Stages in branching 
of primary suspensor tubes (March 2, 1957). 
Figs. 147, 148. x 460; rest. x 205. Fig. 131. 
Branched primary suspensor tube; only one 
branch has a nucleus (March 2, 1957). x 205. 
Fig. 152. Branching of the same without nuclear 
division ( March 2, 1957). x 185. 
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cells of the secondary suspensor continue 
to grow, the embryonal cells are thrust 
deeper and deeper into the endosperm. 
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Fics. 153-158 — Growth of the primary sus- 
pensor tubes in the endosperm. Figs. 153, 157. 
L.s. ovules showing the growth of the primary 
suspensor tubes in the endosperm (March 2, 
1957). x 11. Figs. 154, 156. Enlarged female 
gametophytes from Figs. 153 and 157 respec- 
tively (March 2, 1957). x 30. Fig. 155. Primary 
suspensor tubes coming down into the endosperm 
tissue (March 2, 1957). x 30. Fig. 158. Twin 
endosperm ( March 2, 1957). x 10. 
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By now the primary suspensor has ceased 
to function although sometimes it was 
found to have produced a side branch. 
Gradually the secondary suspensor in- 
creases in length and thickness and 
appears like a folded plate of cells ( Fig. 
180). Occasionally a few cells of the 
secondary suspensor elongate to produce 
long tubes which grow on the sides of the 
primary suspensor ( Figs. 178, 180 ). 

While these changes are taking place in 
the secondary suspensor, the embryonal 
cells continue to increase in number and 
can be differentiated from the cells of the 
secondary suspensor only by the greater 
length and scanty cytoplasm of the latter. 
Of the entire lot of primary suspensor 
tubes, only one or two attain this stage, 
while the rest degenerate at different stages 
of development. By this time the embryos 
have consumed much of the endosperm 
tissue around them. The embryonal cells 
grow in such a way as to produce a conical 
structure, the stem tip, at the end of the 
embryonal mass (Fig. 182). The cells 
on either side of the stem tip divide 
actively to form two small protuberances 
which envelop the stem tip and form the 
primordia of the cotyledons ( Figs. 183, 
184). Normally they are equal in size 
but rarely unequal cotyledons have also 
been observed. The root tip differentiates 
on the upper side, i.e. opposite the stem 
tip (Fig. 184). The cells of the large 
root cap are confluent with those of 
the secondary suspensor. The general 
development of the embryos from the 
primary suspensor tube to the differentia- 
tion of the cotyledons is shown in Fig. 
188. 

DEVELOPMENT OF THE MATURE EMBRYO 
AND THE FEEDER — After the differen- 
tiation of the stem apex, cotyledons and 
the hypocotyl a small protrusion appears 
in the region between the stem and the root 
tip (Fig. 185). The two cotyledons 
elongate considerably and come in close 
contact leaving only a narrow space 
between them. Meanwhile the lateral 
hump also increases in size and forms the 
so-called ‘ feeder’ which is characteristic 
of the embryo of Gnetum (Fig. 186). 
Just like the hypocotyl this also shows 
a differentiation into epidermis, cortex, 
vascular bundles and pith ( Fig. 187 ). 
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At first the hypocotyl with its two 
cotyledons is longer than the feeder 
( Fig. 186), but gradually the latter out- 
grows the hypocotyl (Fig. 187). The 
suspensors, primary as well as secondary, 
have been absorbed by now and appear 
as minute thread-like structures attached 
to the root cap. Thus, the mature embryo 
of Gnetum consists of a root protected by 
the root cap, a long hypocotyl bearing two 
orange-pink cotyledons and stem tip, and 
a feeder which is normally longer than 
the hypocotyl. Laticiferous ducts and 
sclereids are present in the embryo. In 
some instances lateral roots are given out 
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Fics. 159-164 — Course of the primary suspensor tubes. 
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from the pericyclic region of the radicle 
even before the germination of seed 
( Figs. 190, 191). Two to three such roots 
may be produced prior to the emergence of 
the primary root from the seed. Figure 
189 shows a series from the differentiation 
of the feeder to the development of the 
mature embryo. 

Bower (1882) and Haining (1920) 
have described some of the above stages 
in G. gnemon. Apte & Kulkarni (1953) 
have referred to a few stages in G. ula. 

The feeder shows considerable variation 
in its size, shape and vasculature. In 
some abnormal embryos it was seen only as 


Figs. 159, 161. 
endosperm showing the primary suspensor tubes some of which have entered from the sides ( March 


Young and old 


Fig. 160. Enlarged portion from the base of the endosperm showing re-entering 
primary suspensor tubes (March 12, 1957). x 126. 
primary suspensor tubes coming out from the base of the endosperm (March 12, 1957). 


Figs. 162-164. L.s. nucellus showing the 
x 127 


1959 ] VIMLA VASIL — MORPHOLOGY AND EMBRYOLOGY OF GNETUM 197 


a small hump ( Fig. 192) while in others Polyembryony 

it had enveloped most of the hypocotyl 

( Fig. 194). In one embryo the feeder Polyembryony is of frequent occurrence 
had become so long that it had curved and originates in the following ways: 
back again towards the cotyledons ( Fig. (1) Many of the primary suspensor 
193 ). tubes develop a normal embryo at the tip 


liar cell and its further division (all from dissections ). 
be (March 12, 1957). x 205. Fig. 166. Two nuclei 
tip of the primary suspensor tube ( July 5, 1957 ). 205. Fig. 167. Portion of SRE 
enlarged to show the peculiar cell ( July 5, 1957 )_ x 205. Fig. 168. Same, showing the nee 
peculiar cell ( July 31, 1957). x 205. Figs. 169-172. Stages in the formation of cells “ha 
the peculiar cell; note persistent nucleus of the primary suspensor tube = Fig. N > ER 
August 20, 1957; Figs. 170, 171 — August 17,1957; Fig. 172 August 20, 1957 ). > | ig. a 
A group of coiled primary suspensor tubes at different stages of development (September SV, 


1956). x 11. 


Fics. 165-173 — Formation of the pecu 
Fig. 165. A portion of the primary suspensor tu 


present at the 


Fics. 174-180 —- Formation of the secondary suspensor and the embryonal mass ( whole 
mounts from dissections; ec, embryonal cell; ps, primary suspensor; ss, secondary suspensor ). 
Figs. 174, 175. Enlarged view of portions of primary suspensor tubes with the mass of cells formed 
from the peculiar cell ( August 20, 1956). x 205. Figs. 176-179. Enlargement and division of 
the upper cells of this mass to form the secondaty suspensor; note persistent nucleus of the primary 
suspensor tube in Figs. 176 and 179 (September 18, 1957). x 205. Fig. 180. Embryo showing 
a portion of the primary suspensor tube bearing the long multicelled secondary suspensor, some 
of whose cells have elongated to form tube-like structures (September 30, 1956). x 205. 


VIMLA VASIL—MORPHOLOGY AND EMBRYOLOGY OF GNETUM 


(Fig. 203), although eventually only one 
continues development. 

(2) A primary suspensor tube may some- 
times produce two groups of cells instead 
of one as seen in Figs. 195, 196. In some 
preparations a bunch of three small 
embryos was seen at the sides of the pri- 
mary suspensor tube (Fig. 197). Even 
after the formation of the secondary sus- 
pensor one primary suspensor tube had 
elongated and formed a cell mass at its 
tip. Such development of accessory em- 
bryos from a single primary suspensor 
tube does not appear to have been recorded 
so far in Gnetum. 

(3) The embryonal mass present at the 
tip of the secondary suspensor may proli- 
ferate to form additional embryos ( Figs. 
201, 207). A few such embryos were 
found to have grown appreciably ( Figs. 
202, 204). 

(4) Additional embryos may also be 
produced from the secondary suspensor 
( Figs. 198, 205, 206, 208). This is the 
commonest mode of origin of the super- 
numerary embryos in G. ula. The cells 
of the secondary suspensor may become 
meristematic at any point and in one 
embryo the entire periphery had become 
meristematic. The meristematic regions 
may form chains of cells which increase in 
length ( Figs. 199, 205) or produce buds 
( Figs. 200, 206, 208). Occasionally the 
entire secondary suspensor shows buds 
and chains ( Figs. 205, 206) and the main 
embryo cannot always be differentiated 
from the additional embryos. 

At the cotyledonary stage usually only 
one embryo is seen. Only rarely one or 
two additional embryos may also grow up 
to this stage. 

As stated by Bower (1882) poly- 
embryony is the rule in Gnetum. Haining 
(1920) supplemented his (Bower’s) account 
of the origin of supernumerary embryos. 


Time Relations 


The following observations are based on 
a study of plants growing wild at Khandala 
and Lonawala. The male as well as the 
female flowers are initiated towards the 
end of November or the beginning of 
December. In the male cone the upper- 
most ring of abortive ovules and the 
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subsequent four rings of male flowers are 
recognizable by the fourth week of De- 
cember. At this time the ovules in the 
female cones are at the archesporial cell 
stage. The microspore mother cells under- 
go the reduction divisions in the second 
week of January and the pollen grains are 
shed in the third week. Correspondingly, 
the meiotic divisions have been completed 
and a 4- to 16-nucleate coenomegaspore 
is seen in the ovules. By the end of 
January the female gametophyte shows 
64-128 free nuclei. The pollen grains are 
now lodged in the pollen chamber. Free 
nuclear divisions continue and at the 
beginning of February the inverted flask- 
shaped female gametophyte contains over 
1500 nuclei. Some of the pollen tubes 
show the two male cells and the tube 
nucleus. The lower part of the gameto- 
phyte soon becomes cellular and one to 
four eggs differentiate in the upper part. 
Collections made in the second week of 
February show stages in fertilization or 
zygotes. The zygote divides after a 
period of rest lasting approximately 15 
days and the primary suspensor tubes are 
seen towards the end of February. 
During the coming four months these 
tubes branch and wander and in June there 
is seen a mass of coiled suspensors in the 
gametophyte. In July the tubes show the 
peculiar cell at the tip and the seeds are 
shed soon after. 

The freshly collected seeds show a 
bundle of coiled suspensors in the month 
of August. In September the peculiar 
cell undergoes repeated divisions and by 
the end of the month a large multicelled 
secondary suspensor and the embryonal 
cells can be seen at the tip of the primary 
suspensor. The root and the cotyledons 
differentiate by October. From now on- 
wards till germination, which occurs in the 
following summer, the feeder differentiates 
and grows into a large absorptive organ. 

Thus the life cycle of Gnetum ula takes 
nearly 18 months from the time of initia- 
tion of the flowers to the germination of 
the seeds. The entire course of events is 
diagrammatically represented in Fig. 209. 
Gnetum compares with Ginkgo and some 
species of Podocarpus in having the major 
part of embryonal development in the 
seeds after they are shed. 


Fics. 181-184. 
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Discussion 


In the present investigation a number of 
new features have been observed in the 
life history of Gnetwm and some previous 
errors have been rectified. 

MALE AND FEMALE FLOWERS — While 
describing the male cone of G. bruno- 
nianum, Griffith ( 1859) wrote that there 
is a single ring of female flowers and many 
rings of male flowers in the axil of each 
connate ring of bracts. Beccari ( 1877) 
said that usually four to eight female 
flowers develop on every internode of a 
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young female spike. According to Stras- 
burger (1872) the cupule (collar) of the 
male inflorescence subtends each nodal 
ring of flowers and Lotsy (1899) stated 
that the female flowers arise in the cushion 
present above each cupule. Even as late 
as 1916 Thompson wrote: “ The strobilus 
consists of an axis bearing a series of collars 
in which the flowers are borne attached 
to the axis.” 

The above accounts give the impression 
that the flowers are borne either in the 
axils of the collars or on the internode. 
Contrary to this, Karsten (1892, 1893), 


Fics. 185-187 185. 


(October 25, 1957). x-53. 


Embryogeny. Fig. 
Fig. 186. 


growth of the hypocotyl and the root ( November 5, 19581) oS IW 


EAS: 


of the feeder 


initiation 
A stage in the elongation of the feeder; note simultaneous 
Fig. 187. L.s. older embryo 


embryo showing 


showing vascular supply to feeder ( December 27, 1958 ). x 10. 
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Fics. 181-184 — Embryogeny. Fig. 181. 


different stages of development ( September 30, 1956). X 58. 


A bundle of coiled primary suspensor tubes at 


Fig. 182. L.s. embryo at the time 


of differentiation of the stem apex and the initiation of the two cotyledons ( September 30, 1956 ). 
% 74. Figs. 183, 184. L.s. embryos showing differentiating cotyledons ( October 15, 1955). x 74; 
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Fagerlind ( 1946) and Waterkeyn ( 1954 ) 
state that the flowers arise from the 
lower side of the base of the collar. The 
present study on G. ula confirms that 
an annular meristematic ring of cells is 
formed on the lower side of each collar 
near its base. With further growth the 
flower primordia arising from it come to lie 
in between the two collars in the internodal 
position. Some of the earlier workers 
probably examined the cones at this late 
stage. 

Almost all the previous investigators are 
of the opinion that the perianth of the 
male flower consists of two segments 
( Strasburger, 1872; Karsten, 1892, 1893; 
Pearson, 1912; Pearson & Thomson, 
1917; Fagerlind, 1946). Karsten states 
that the upper perianth lobe arises earlier 
than the lower and overtops the latter. 
However, in my material the perianth 
arises as an annular structure covering the 
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central mass of cells and leaving only a 
narrow slit on the top. Two perianth 
segments could not be detected even in 
the youngest stages. Madhulata’s recent 
observations ( unpublished ) on G. gnemon 
are in agreement with these ( see Pearson, : 
19299: 

The morphology of the three envelopes 
around the nucellus of Gnetum has been a 
subject of much discussion. Strasburger 
(1872) suggested that all the three en- 
velopes are integuments arising from the 
differentiation and splitting of the usual 
single integument of most gymnosperms. 
This view :is not acceptable to many 
workers because of the lack of any positive 
evidence in favour of it except the general 
appearance. Beccari (1877) suggested 
that the inner two envelopes are integu- 
ments and the outermost is a perianth or 
something analogous to it. This view 
was supported by Coulter (1908) and 


Fics. 188, 189 
pensor stage to the differentiation of the cotyledons ( July-October DE 
of the same from the cotyledonary stage onward; | 
embryos of the second row ( October-March ). x 1:2. 


Embryogeny. 


Fig. 188. Whole mounts of embryos from the primary sus- 


stober ). x 2. Fig. 189. Whole mounts 
note variation in size of feeder in the last two 


me 


Fics. 190-194 — Embryogeny (L, lateral root). Fig. 190. L.s. mature embryo pri 
ae mbryogeny (L, ot). Fig. Peles or to seed ger- 
mination ( April 20, 1958). x 5 Fig. 191. Magnified view of lateral root L froth iS 190 ( April 20, 


IED) Ne 8 87% 
1958 ). 


Figs. 192-194. 
Fig. 192. 


‚s. embryos showing variation in the size of the feed 
6; Fig. 193. x 5; Fig. 194. x 4, Ma ee 
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Tics. 190-194, 


Fics. 195-206 — Polyembryony (whole mounts from dissections ). Figs. 195-197. Primary 
suspensor tubes showing younger stages in polyembryony ( August 20, 1957). x 157. Fig. 198. 
A number of embryos lying close to each other (September 30, 1956). x 12. Figs. 199, 200. 
Magnified view of portions marked B and A in Fig. 198 showing the proembryos formed from the 
cells of the secondary suspensor ( September 30, 1956 ). x 290; *-157. Figs. 201, 200.004) Deyes 
lopment of more than one embryo from the cleavage of the primary embryonic mass ( August 
23, 1957). x 10. Fig. 203. “Besides the main embryo additional embryos have been formed 
from the other primary suspensor tubes (August 23, 1957). x 10. Fig. 205. Embryo in which 
the cells of the secondary suspensor are just commencing to become meristematic ( September 30, 
1956). x 10. Fig. 206. Embryo showing the entire secondary suspensor proliferating to give 
rise to smaller embryos ( September 30, 1956 Serie 
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gained wide acceptance. Earlier, Van 
Tieghem ( 1869 ) stated that the two inner 
envelopes are integuments and the outer is 
an ovary or something analogous to it. 
On the other hand, according to Lignier 
& Tison (1912) and Thompson ( 1916 ) 
the inner is a true ovary and the outer two 
envelopes are in the nature of a perianth. 
In the ovules of G. ula the inner enve- 
lope or micropylar tube is sometimes non- 
functional and abortive. The elongated 
tube-like part is either crumpled and 
shrivelled, or it is present on only one side 
of the ovule and absent on the other. 
In such ovules the middle envelope elon- 
gates and gives rise to a normal-looking 
micropylar tube. In one or two ovules 
the middle envelope had elongated even 
though the inner was still healthy. Thus, 
the middle envelope can also develop into 
a “style” if the inner is abortive, or at 
times two “ovaries” are present, one 
formed from the middle and the other from 
the inner envelope ! These observations 
would hardly support the view that the 
inner envelope is homologous to the ovary 
of an angiosperm. 
Another abnormality found in G. ula 
‚ and also reported by Lignier & Tison 
(1913) is the occasional presence of a 
fourth envelope situated between the 
middle and the inner envelopes. In many 
ovules this extra envelope was as long as 
the micropylar tube and sometimes it also 
showed the nutritive tissue so charac- 
teristic of the latter. 

Further anatomıcal work of a com- 
parative nature is necessary before definite 
suggestions can be given on the nature of 
the three envelopes. 

THE ANTHER WALL — According to 
Karsten ( 1893 ) the anther wall comprises 

| two hypodermal tapetal layers derived by 
periclinal divisions of a single layer. 
Pearson ( 1912) agrees with this and adds 
that the outer layer is soon absorbed while 


| Fics. 207, 208 — Polyembryony. Fig. 207. 
| L.s. part of a young embryo showing the 
embryonal mass developing into two embryos 
( September 30, 1956). x 220. Fig. 208. Small 
embryonal masses produced along the periphery 
of the embryo (September 30, 1956). x 51. 


lias. 207, 208. 
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Fic. 210 — Diagrammatic representation of the various interpretations of the development 


of the male gametophyte of Gnetum. 


the inner functions as the tapetum proper. 
Thompson (1916) writes that the hypo- 
dermal archesporium divides to form a 
primary parietal layer and the primary 
sporogenous cells. The parietal layer 
divides again periclinally producing two 
layers of cells between the epidermis and 
the tapetum. According to him the outer- 
most layer of the sporogenous cells takes 
on the characters of a tapetum with two 
nuclei in each cell. 

In G. ula it was possible to follow the 
development of the anther wall very 
closely. The outermost layer of the arche- 
sporium divides periclinally to cut off 
the primary parietal layer towards the 
outside. It is the former which divides 
again to produce an outer middle layer and 
the tapetum. Since both of these are soon 
absorbed, only the epidermis persists in 
the mature anther. However, it can be 
stated definitely that the tapetum arises 
from the parietal layer and not from the 


sporogenous cells as reported by Thomp- 
son. His misconception is mainly due 
to the fact that sometimes the epidermis 
and the middle layer were seen to be 
separated from the tapetum and the 
sporogenous cells ( probably due to poor 
fixation ) and he took it for granted that 
the tapetum arises from the outermost 
sporogenous cells. The present obser- 
vations on G. ula are in agreement with 
those of Fagerlind ( 1941 ) and Madhulata 
( unpublished ) on G. gnemon. 

In the mature anther the epidermis 
shows fibrous thickenings resembling those 
met with in the endothecium of angio- 
sperms. Apparently these have not been 
reported in any other species of Gnetum 
by previous workers. 

MALE GAMETOPHYTE — All workers on 
Gnelum agree that the mature pollen grains 
are 3-nucleate, excepting Karsten ( 1893 ) 
who mentioned a 2-nucleate condition. 
Opinions are divided, however, as to the 
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nature of these three nuclei. According 
to one view (see Pearson, 1912; 1914) 
these are the prothallial, tube and gene- 
rative nuclei; while according to the other 
(see Thompson, 1916) they represent the 
tube nucleus, and the stalk and body cells 
(Fig. 210). These views have been dis- 
cussed fully in a recent paper (Negi & 
Madhulata, 1957 ) and it is now clear that 
in both G. gnemon and G. ula there is a 
prothallial cell, a tube nucleus and a 
generative cell. 

MEGASPOROGENESIS — All three types 
of development, mono-, bi- and tetra- 
sporic, have been reported in Gnetum 
( Lotsy, 1899; Thompson, 1916; Fagerlind, 
1941; Apte & Kulkarni, 1953; Waterkeyn, 
1954). The present work confirms that 
of Fagerlind (1941) and Waterkeyn (1954) 
on G. gnemon ovalifolia and G. africanum 
concerning the tetrasporic origin of the 
embryo sac of Gnetum. It is to be noted 
that Gnetum is the only gymnosperm so 
far studied, which shows a tetrasporic 
development of the female gametophyte, 
although such a condition is known in 
many angiosperms. A detailed discussion 
of this point has already been published 
by Negi & Madhulata ( 1957). 

PAVEMENT TISSUE — There has been 
much disagreement on the origin of the 
pavement tissue. According to Coulter 
(1908), Pearson (1914) and Fagerlind 
( 1941 ) it makes its appearance at the free 
nuclear stage of the female gametophyte. 
On the other hand, according to Thompson 
(1916) and Waterkeyn (1954), it arises 
much earlier, even before megasporo- 
genesis. This work on G. ula supports the 
observations of Thompson and Waterkeyn 
and shows that the pavement tissue is 
initiated at the megaspore mother cell 
stage, its cells becoming more richly cyto- 
plasmic at the free nuclear stage of the 
female gametophyte. 

POLLEN CHAMBER — A pollen chamber 
has been recorded in various species of 
Gnetum at the time of pollination ( Lotsy, 
1899; Thoday, 1911; Pearson & Thom- 
son, 1917; Waterkeyn, 1954). However, 
Thompson ( 1916 ) states that “ no definite 
pollen chamber is formed though the tip 
of the nucellus usually, becomes dis- 
organized by the ingrowing pollen tubes.” 
Fagerlind ( 1941 ) observed the dissolution 
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of the epidermal and the elongation of the 
sub-epidermal cells of the nucellar apex, 
with the pollen grains germinating in this 
loose tissue. In his opinion earlier state- 
ments of the occurrence of a well developed 
pollen chamber in Gnetum are to be attri- 
buted to nucellar diseases. In G. ula 
(present work) a pollen chamber is © 
definitely formed by the degeneration of 
the apical cells of the nucellus, although 
it is not comparable with the large and 
deep cavity seen in the cycads and in 
Ginkgo (see text). Pollen grains lodge in 
this chamber and later germinate. The 
pollen chamber is certainly not formed 
due to a pathogenic alteration of the 
nucellus or to the action of pollen tubes 
since the chamber is formed prior to 
pollen germination. 

MICROPYLAR TUBE — At the time of 
pollination the micropylar tube undergoes 
significant changes. According to Fager- 
lind (1941) the micropylar tube becomes 
plugged before the arrival of the pollen 
grains. Later, when the pollen tubes are 
formed (the pollen grains are said to 
germinate while still in the micropylar 
tube ), the epidermal cells dissolve to give 
way to the pollen tubes, after which the 
path is blocked up again. According to 
Thoday (1911), Pearson & Thomson 
(1917) and Waterkeyn (1954), all of 
whom worked on G. africanum, there is an 
elongation and interlocking of the epi- 
dermal cells lining the canal at the level 
of the free rim of the middle envelope, 
but this does not obliterate the canal 
completely and a slit is left for the entry 
of the pollen grains. In Thompson’s 
opinion ( 1916) the blocking tissue serves 
to conduct and nourish the pollen tubes 
and he, therefore, homologizes it with 
the nutritive cells lining the style of the 
angiosperms. 

In G. ula the cells of the inner epidermis 
of the micropylar tube elongate radially 
and become richly cytoplasmic at the time 
when the pollen grains enter the tube. A 
sufficiently wide opening is still left for 
the pollen grains to sift through. At this 
stage at least there is thus no sign of 
blocking. It is only after the pollen 
grains have passed into the pollen chamber 
that the interlocking of the epidermal cells 
begins. Sometimes these cells elongate so 
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much that they nearly reach the base of 
the micropylar tube and appear like 
incoming pollen tubes ( see also Pearson & 
Thomson, 1917). A closure of the micro- 
pylar tube has never been observed before 
pollination and, therefore, it is difficult to 
support the view that these cells have a 
stylar function. They seem to be quite 
comparable to the well-known micropylar 
closing cells in conifers. 

An external circular rim or fringe, pro- 
duced from the outer epidermal cells of the 
micropylar tube and closely adpressed 
against the middle envelope, has been 
reported in G. africanum by Thoday 
(1911), Pearson & Thomson (1917) and 
Waterkeyn (1954). Neither Thompson 
nor Fagerlind observed such an external 
fringe in the species studied by them. In 
G. ula ( present work ) also there is no such 
external fringe, but at times the cells at 
the tip of the middle envelope proliferate 
and produce a structure like the external 
fringe reported in G. africanum. In G. 
ula the “ fringe ” is definitely produced 
from the middle and not the inner envelope 
and is seen only in those ovules which are 
attacked by insects. Sometimes even the 
micropylar tube is attacked by insects 
resulting in the proliferation of some of its 
outer cells. 

FEMALE GAMETOPHYTE — It is agreed 
that the female gametophyte develops in 
the usual gymnospermic fashion till a 
definite number of free nuclei have been 
produced. The number of the nuclei 
differs in different species. In G. gnemon 
it is 256 ( Thompson, 1916), in G. moluc- 
cense, G. leptostachyum ( Thompson, 1916 ) 
and G. africanum (Waterkeyn, 1954) 
it is 512, in G. sp. XVA31 about 1024 
( Fagerlind, 1941 ) and “ over a thousand ”’ 
in G. ula ( Apte & Kulkarni, 1953). In 
the present work more than 1500 free 
nuclei have been counted in G. ula, a 
number very much higher than that in any 
species of the genus. Previous workers 
(Thompson, 1916; Pearson & Thomson, 
1917; Fagerlind, 1941; Waterkeyn, 1954 ) 
mention synchronous divisions in the 
female gametophyte but this is not always 
so in the present material, at least in the 
later stages. 

Since no functional archegonia are 
present in any species of Gnetum, in this 
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respect it can be considered to be the 
highest evolved of all the gymnosperms. 
Most of the earlier workers have stated 
that in Gnetum any free nucleus from the 
micropylar part of the female gameto- 
phyte can function as an egg in the 
presence of a pollen tube ( Karsten, 1893; 
Lotsy, 1899; Coulter, 1908; Pearson, 
1914). Thus their concept of an egg in 
Gnetum was just a free nucleus, not dif- 
ferentiated in any way from the rest of the 
gametophytic nuclei. This view was not 
supported by Thompson (1916). He 
stated that in G. gnemon, after a pollen 
tube comes in contact with the embryo 
sac, one or more of the nuclei at the upper 
end of the sac become differentiated from 
the others and are definitely recognizable 
as egg nuclei. These so-called eggs he 
claimed can be easily recognized by their 
larger size, greater affinity for stains, very 
dense structure and an _ inconspicuous 
nucleolus. The egg cytoplasm and mem- 
brane are clearly demarcated. Normally 
two, rarely one or three, such eggs may be 
present in the same gametophyte. He 
emphasized that the eggs differentiate only 
under the stimulus of a pollen tube coming 
to lie against the embryo sac. This view 
is supported by Fagerlind’s (1941) and 
Madhulata’s (unpublished ) observations 
onG. gnemon. InG. africanum Waterkeyn 
(1954) interprets as eggs certain large 
cytoplasmic bodies situated in close proxi- 
mity to a pollen tube and occurring in 
groups of three. They have a conspicuous 
nucleus and are surrounded by a few 
slightly less conspicuous cells. Waterkeyn 
was not able to ascertain the presence of a 
wall around each such body. In G. ula, 
according to Apte & Kulkarni (1953), 
the egg nucleus is not very clearly dis- 
tinguishable. In my material, on the 
other hand, the egg nucleus has its own 
cytoplasm and wall which is surrounded 
by a few smaller and less conspicuous 
cells present in the free nuclear part of 
the female gametophyte. Lotsy’s (1899) 
statement that the eggs are always ferti- 
lized in pairs in G. gnemon is not confirmed, 
since usually the eggs occur singly in my 


species. 

POLLEN TUBE GROWTH AND FERTI- 
LIZATION — Most workers have reported 
that the pollen grains germinate in the 
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pollen chamber (Lotsy, 1899; Pearson, 
1914; Apte & Kulkarni, 1953; Waterkeyn, 
1954). 
G. latifolium and G. leptostachyum and 
Fagerlind ( 1941 ) inG. sp. XV A 31 found 
germinating pollen grains in the micro- 
pylar canal. On this basis Thompson has 
emphasized the style-like nature of the 
micropylar tube. In G. ula the pollen 
grains normally germinate in the pollen 
chamber. Pollen grains are no doubt also 
seen in the micropylar tube, but, although 
the exines burst and the grains swell, 
actual germination is rare. Madhulata 
(unpublished) has also failed to see 
germinating pollen grains in the micropylar 
tube of G. gnemon. The observations of 
Thompson and Fagerlind are clearly not 
true of all the species and even in those 
species where the pollen grains germinate 
in the micropylar tube, this is perhaps 
less common than germination on the 
nucellus. 

Fagerlind records the formation of male 
cells at the stage when the pollen tube is 
just about to enter the nucellar tissue. In 
G. ula they are formed only when the 
pollen tube has already grown through 
half the length of the nucellus. According 
to Pearson & Thomson (1917) and 
Waterkeyn (1954) the male cells are 
unequal; according to Thompson (1916) 
they are equal although only one of them 
functions. InG. ula ( present work ) both 
the male cells are of a similar size and both 
are functional if two eggs are present and 
lie close to each other. This confirms the 
observations of Lotsy ( 1899 ), Fagerlind 
(1941), Apte & Kulkarni (1953) and 
Negi & Madhulata ( 1957 ) on the equality 
of the male cells. 

There are very few observations on 
fertilization in Gnetum. According to 
Karsten (1893) each of the male nuclei 
of a pollen tube fuses with a female gamete 
in G. ovalifolium and G. rumphianum. In 
G. ula Apte & Kulkarni ( 1953 ) observed 
the egg nucleus and a male gamete enclosed 
in a common cell. In G. leptostachyum 
Thompson ( 1916 ) has figured some stages 
showing the contents of the pollen tube in 
close vicinity to an egg. In this species a 
considerable time elapses before the actual 
fusion of the male and female nuclei. 
“ During this time the egg and the male 
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nuclei are found in a definite chamber 
partly or wholly surrounded by cells of 
endosperm.” The male and the female 
chromatin were not distinguishable in the 
fusion nucleus. Thompson did not see the 
actual fusion of the sexual nuclei in G. 
gnemon, but in this species, unlike G. 
leptostachyum, no endosperm cells are 
formed around the sexual nuclei. : Lotsy 
(1903), who worked with G. ula, failed 
to see any pollen tubes and believed the 
development to be parthenogenetic. In 
the present material, however, pollen tubes 
were seen in almost every pollinated ovule 
and fertilization occurs normally although 
it is completed in a very short time. The 
fertilized egg is seen as a large cell with a 
prominent nucleus and nucleolus and 
densely staining cytoplasm. As in G. 
leptostachyum ( Thompson, 1916 ) the ferti- 
lized egg is surrounded by the cells of the 
endosperm. 

ENDOSPERM — Many of the investi- 
gators on Gnetum have mentioned that a 
certain amount of cellular endosperm is 
already present at the base of the gameto- 
phyte prior to or at the time of ferti- 
lization. However, there is much dif- 
ference of opinion on the following points: 
(1) the role of the pollen tube in endosperm 
formation, (2) the amount of endosperm 
tissue formed prior to fertilization, and 
(3) whether or not the endosperm is pro- 
duced in the micropylar part of the female 
gametophyte and, if so, does it contribute 
to the increase of the endosperm tissue in 
later stages ? 

According to Fagerlind (1941) in 
G. sp. XV A 31 and Waterkeyn (1954) 
in G. africanum endosperm formation is 
initiated independently of pollination. 
However, Waterkeyn (1954) has been 
able to establish a certain relationship 
between the degree of development of 
the endosperm and the depth attained 
by the pollen tube. Lotsy (1899) states 
that although endosperm is present at the 
basal end of the female gametophyte prior 
to the entry of the pollen tube into the 
female gametophyte, cell formation is 
never initiated before pollination has taken 
place. On the other hand, Thompson 
(1916) states that in both G. gnemon and 
G. leptostachyum the chalazal region be- 
comes chambered only at the time of 
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fertilization or after this. He is not sure 
of the exact time at which cell formation 
commences. In his opinion the pollen 
tube gives a stimulus for the differentiation 
of the egg and subsequently for wall 
formation in the endosperm. G. “la 
differs somewhat from the above. Here 
the pollen tube enters the female gameto- 
phyte after about 700-800 nuclei have been 
formed but wall formation (this is ini- 
tiated in the lower part ) begins only after 
1500 or more nuclei have been produced. 
The egg is differentiated at a still later 
stage. 

Concerning the second point about the 
amount of endosperm tissue formed prior 
to fertilization, Lotsy ( 1899 ) and Thomp- 
son (1916) state that in G. gnemon the 
micropylar part of the gametophyte is free 
nuclear at the time of fertilization while 
the chalazal part becomes cellular prior 
to or at the time of fertilization. Accord- 
ing to Thompson (1916) the entire basal 
portion of the gametophyte becomes cellu- 
lar in G. leptostachyum while in the micro- 
pylar part cells are formed only around the 
eggs which are differentiated simultane- 
ously with cell formation in the lower part. 
Thus in his opinion a certain number 
of endosperm cells, apparently meant for 
the nutrition of the egg, are present in 
the micropylar part of the gametophyte 
at the time of fertilization. According to 
Pearson & Thomson (1917) and Water- 
keyn (1954), in G. africanum the entire 
basal part of the female gametophyte is 
chambered and in addition compartments 
are also formed in the upper microphylar 
part except where eggs are differentiated. 
Fagerlind (1941) observed that in G. sp. 
XV A 31 simultaneously with the chamber- 
ing of the lower part a layer of peripheral 
multinucleate cells is also produced in the 
micropylar part of the gametophyte. The 
present observations are in conformity with 
those of Thompson on G. leptostachyum 
in that, at the time of fertilization, the 
lower neck-like portion of the gametophyte 
is fully chambered and in addition cell 
groups are also present in the upper free 
nuclear part. However, inG. ula the mic- 
ropylar cell groups are formed only after 
the chalazal part has become cellular. 

Except in G. gnemon and perhaps G. 
funiculare, where the micropylar part 
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remains free nuclear, cell formation in the 
other species takes place in the upper part 
of the gametophyte mainly after ferti- 
lization, though a few nuclei may still 
remain free and later degenerate. This 
is also true of G. ula. 

Pearson & Thomson (1917) state that 
the upper part also contributes to endo- 
sperm formation. In G. ula although the 
entire micropylar part of the gameto- 
phyte generally becomes chambered, it 
degenerates during later stages and does 
not make any appreciable contribution to 
the endosperm (cf. Thompson, 1916, on 
G. leptostachyum ). 

DIVISION OF THE ZYGOTE — During 
later stages a number of tube-like struc- 
tures are seen in the endosperm which have 
been designated in this paper as the 
primary suspensor tubes. The manner in 
which these tubes arise from the zygote 
and the further development of the embryo 
proper are highly controversial. Accord- 
ing to Lotsy (1899) in G. gnemon the 
zygotes occur in pairs and each of them 
elongates directly into a primary suspensor 
tube which is neither septate nor branched. 
This implies that the zygote begins to 
elongate as such. Coulter (1908) who 
also worked on G. gnemon, on the other 
hand, states that the zygote undergoes 
free nuclear divisions and then elongates 
into the primary suspensor tube which 
later becomes divided by transverse 
septa. Coulter’s view seems to be that 
the zygote gives rise to a single primary 
suspensor tube which contains several free 
nuclei formed by the division of the zygote 
nucleus. Such a variation in one and the 
same species is surprising if true. Accord- 
ing to Karsten (1893) and Pearson & 
Thomson (1917) free nuclear divisions 
also occur in the zygotes of G. ovalifolium, 
G. rumphianum and G. africanum. How- 
ever, after the nuclear divisions the zygote 
gives rise to a ‘ mass of proembryos ’ each 
cell of which forms a long tortuous sus- 
pensor having more than one nucleus. 
The manner in which this mass of pro- 
embryos is formed has not been described. 
The difference in the view of Coulter on 
the one hand, and Karsten and Pearson & 
Thomson on the other, lies in the fact that 
whereas according to Coulter the zygote 
directly forms the primary suspensor tube, 
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the latter authors believe that it produces 
a number of primary suspensor tubes. 
Haining ( 1920), who has given a clearer 
and in many ways a more satisfactory 
account of the embryogeny of Gnetum, 
figures a'large zygote which produces a 
number of primary suspensor tubes. 
Cross walls arise only in the latter. Thus 
in Haining’s opinion also the first division 
of the zygote is not accompanied by wall 
formation. 

Some other authors, on the other hand, 
state that no free nuclear divisions occur 
in the zygote. In G. leptostachyum, 
according to Thompson (1916), the 
fertilized egg undergoes a few divisions 
to form a small mass of cells each of which 
produces a long primary suspensor tube 
which is normally uninucleate, unseptate 
and unbranched. Apte & Kulkarni 
(1953) report the same in G. ula. In 
G. gnemon, according to Thompson ( 1916), 
the first division of the zygote produces 
two cells each of which develops in the 
manner described above for G. lepto- 
stachyum. Waterkeyn (1954) reports that 
in G. africanum there is produced, by 
successive divisions of the zygote, a row of 
cells each of which gives rise to a primary 
suspensor tube devoid of any cross walls. 
Waterkeyn’s account is supported by a 
series of illustrations and appears to be 
more satisfactory than that of Pearson & 
Thomson (1917) on the same species. 

In G. ula the zygote neither develops 
directly into a suspensor tube as reported 
by Lotsy nor undergoes any free nuclear 
divisions as stated by Karsten, Coulter, 
and Pearson & Thomson. Instead it 
undergoes only one division followed by 
wall formation?. 

Another disputable point is the develop- 
ment of the embryo proper from the 
primary suspensor tube. According to 
Coulter (1908), in G. gnemon a terminal 
cell is cut off at the end of the primary 
suspensor tube and its nucleus divides 
repeatedly accompanied by wall forma- 
tion, so that a multicellular embryo is 
formed. In an older work, Bower ( 1882) 
also states that an apical cell is formed 
from the tip of the primary suspensor 


2. It does not give rise to a mass of cells as 
reported by Apte & Kulkarni (1953). 
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tube. Divisions of this cell result in an 
irregular mass which gives rise to the 
mature embryo. Thompson (1916) states 
that in G. leptostachyum the apex of 
the primary suspensor tube enlarges and 
shows four free nuclei. These give rise 
to a mass of cells which produces the 
embryo. 

In G. ula a so-called peculiar cell is cut 
off following the first division of the single 
nucleus at the end of the primary suspensor 
tube. It is this cell which divides to 
form a large mass of cells (cf. Karsten, 
1892; Haining, 1920; Fagerlind, 1941 and 
Apte & Kulkarni, 1953). According to 
Haining, and Apte & Kulkarni the first 
division is vertical but both vertical and 
transverse walls have been seen in the 
present material. 

The further development of the secon- 
dary suspensor, cotyledons and feeder has 
been carefully traced and the results are 
more or less in accordance with the 
observations of Bower, Haining, Apte & 
Kulkarni and Waterkeyn. The secondary 
suspensor seems to be a constant feature 
of all species of the genus and has also 
been found in G. gnemon ( Madhulata, un- 
published ). 

Only two gymnosperms are known to 
have a feeder, Welwitschia and Gnetum. 
The feeder of Welwitschia is devoid of any 
vascular supply, but a well developed 
vascular supply is clearly seen in Gnetum. 
However, in a number of embryos of G. 
ula the vascular bundles enter the feeder 
only for a very short distance. 


Summary 


Gnetum ula has axillary cones which 
occur in panicles. Each cone consists of 
an axis bearing a series of cup-like struc- 
tures called the collars. In some ab- 
normal cones the collars are arranged 
spirally. 

The three or four rings of male flowers 
and the single ring of abortive ovules 
present above each collar of the male cone 
arise basipetally from an annular meristem 
which differentiates from the underside 
of each collar. With further growth the 
flowers come to lie between two collars and 
give the impression of an axillary origin. 
In the female cones also, the single ring of 


1959 ] 


female flowers or the ovules above each 
collar arises from meristematic cells on the 
underside of the upper collar. 

Each male flower consists of a stalk 
bearing two unilocular anthers, enclosed 
in an annular perianth. Occasionally the 
stalk may bear one, three, or four an- 
thers. 

The female flower consists of the nucellus 
surrounded by three envelopes of which 
the innermost forms the so-called ‘ style’ 
or ‘micropylar tube’. Some ovules show- 
ed an additional fourth envelope. 

The anther wall comprises, besides the 
persistent epidermis, a single middle layer 
and the tapetum both of which are derived 
from the parietal layer. Dehiscence occurs 
by means of a longitudinal slit. The 
reduction divisions are simultaneous pro- 
ducing decussate, isobilateral or tetra- 
hedral tetrads. The male gametophyte 
consists of a prothallial cell, a generative 
cell and a tube nucleus. A stalk cell is 
absent. Double pollen grains have been 
observed sometimes. 

One to three hypodermal archesporial 
cells differentiate in the nucellus. They 
divide periclinally forming the parietal 
and the sporogenous layers. The sporo- 
genous cells divide once or twice to give 
rise to about 8-10 megaspore mother cells. 
The development of the female gameto- 
phyte is of the tetrasporic type. The 
“pavement tissue ” is initiated at the 
megaspore mother cell stage and becomes 
conspicuous during the development of the 
gametophyte. 

The ovulate flowers found in the male 
cones do not normally develop beyond the 
megaspore mother cell stage or an early 
stage of meiosis. 

The female gametophyte undergoes a 
large number of free nuclear divisions till 
about over 1500 nuclei have been formed. 
At least in the later stages the divisions 
are not synchronous. The gametophyte 
acquires the form of an inverted flask with 
a broad upper portion and a long narrow 
basal portion. At the end of the free 
nuclear divisions a cellular tissue is formed 
in the neck portion of the gametophyte. 
Two to four groups of richly cytoplasmic 
cells differentiate in the upper free nuclear 
part of the gametophyte. One or two cells 
in each group function as eggs but this 
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occurs only in gametophytes having pollen 
tubes inside them. 

A rudimentary pollen chamber is formed 
by the dissolution of the apical cells of the 
nucellus. The cells in the middle portion 
of the inner epidermis of the micropylar 
tube elongate and become densely cyto- 
plasmic before pollination. After polli- 
nation they interlock and block the 
passage of the micropylar tube. 

Pollination takes place when the female 
gametophyte has 200-250 nuclei. The 
pollen grains germinate in the pollen 
chamber and a number of pollen tubes can 
be seen in the nucellus. The tube nucleus 
enters the pollen tube and is followed by 
the generative cell while the prothallial 
cell is retained in the grain. The gene- 
rative cell divides to produce two equal 
male cells. 

At the time of fertilization, the pollen 
tube is seen close to one of the groups of 
densely cytoplasmic cells present in the 
upper part of the gametophyte. Both 
the male cells from a tube can function 
provided two adjacent eggs are present. 

Endosperm formation commences at the 
basal end of the free nuclear gametophyte. 
Multinucleate compartments are formed 
at first, but the nuclei fuse and the uni- 
nucleate cells thus produced undergo 
further divisions. After fertilization endo- 
sperm cells are also formed in the micro- 
pylar part of the gametophyte. However, 
the bulk of the endosperm is produced 
mainly from the lower neck-like part so 
that in older stages the endosperm is 
broader at the base and narrow above. 

Almost all the nucellar cells are absorbed 
by the endosperm and in the seed only a 
few layers persist at the upper end. 

The first division of the zygote is 
accompanied by a wall. The two cells 
thus produced elongate into the primary 
suspensor tubes, each with a single 
nucleus. These tubes give rise to other 
tubes of a similar kind by cell divisions. 
The tubes grow mainly towards the 
basal nutritive part of the endosperm. 
In doing so they come in close contact 
with each other and become coiled to form 
a bundle. 

A so-called “ peculiar ” cell is cut off at 
the tip of each tube after which the seeds 
are shed and further development takes 
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place in the soil. The entire embryo is 
derived from this peculiar cell. A special 
feature is the ‘‘ feeder ” which arises from 
the hypocotyledonary region of the embryo 
after the differentiation of the cotyledons. 
It has a well developed vascular supply 
and is the most prominent part of the 
embryo. 

Polyembryony is of frequent occurrence. 
However, only one embryo matures while 
the rest degenerate. 
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